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EXECUTIVE SUMMARY

This manual is designed to supplement the information found in AC 20-53A anid pro-
vides additional guidance information.

The user's manual culminates the results of a 3-year effort of the SAE-AE4L sub-
comittee. This coimuittee is comprised of experts in the field of lightning
research and protection of aircraft structures and avionic systems fromn the
adverse effects associated with atmospheric electrical hazards (lightning and
static electricity). The committee is comprised of experts from the National
Aeronautics and Space Administration, Department of Defense) Federal Aviation
Administration, industry, and independent testing laboratories. The document will
provide the users of AC 20-53A, "Protection of Aircraft Fuel Systems Against Fuel
Vapor Ignition Due to Lightning," with information on fuel systems lightning
protection and methods of compliance of aircraft design for Federal Aviation
Regulations 23.954 and 25.954.

Elements of aircraft fuel systems are typically spread throughout the aircraft and
occupy much of its volume. These elements consist of the fuel tanks, transfer
plumbing, electronic controls, instrumentation, and fuel venting systems. Extreme
care must be exercised in the design, installation, and maintenance of all of these
elements to ensure that adequate protection is obtained.

The protection of the fuel systems from lightning and static electricity should be
accomplished by at least one of the following approaches:

*Eliminating sources of ignition.

*ensuring that tank allowable pressure levels are not exceeded if ignition
does occur, and/or ensure that the atmosphere within the fuel tank will not support
combustion.

The user's manual delineates the following areas of concern:

Aircraft Fuel System Lightning Interaction which includes the combustion
process) sources of ignition and minimum ignition currents.

Approaches to Compliance includes a detailed step-by-step procedure to
ensure that the acceptable means of compliance in AC 20-53A are met. This section
also includes a detailed description of aircraft-lightning strike zones, lightning
environment, and recommended simulated test procedures.

Protection Considerations include procedures and methodologies to determine
both hot-spot and melt-through thresholds for various materials, bonding and
grounding procedures, and electrical considerations for skin joints and interfaces
in tubing.

Although this manual is as complete as possible, only experienced engineers and
scientists should undertake the task of implementation of lightning protection
of aircraft against atmospheric electrical hazards (lightning and static
electricity).
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1.0 PURPOSE.

This report is intended to provide users of Advisory Circular (AC) 20-53A with
information on the subject of fuel system lightning protection and methods of
compliance of aircraft design with Federal Aviation Regulations (FAR) 23.954 and
25.954.

2.0 BACKGROUND.

Airplanes flying in and around thunderstorms are often subjected to direct light-
fling strikes as well as to nearby lightning strikes which may produce corona and
streamer formation on the aircraft.

Elements of the fuel system are typically spread throughout much of an aircraft and
occupy much of its volume. They include the fuel tanks themselves, as well as
associated vent and transfer plumbing, and electronic controls and instrumentation.
Careful attention must be paid to all of these elements if adequate protection is
to be obtained.

For the purposes of design and of lightning protection, it is assumed that the
properties of the fuel used by civil aircraft, both piston and turbine engine
powered, are such that a combustible mixture is present in the fuel tank at all
times. Therefore, the combination of the flammable fuel/air ratio and an ignition
source at the time of a lightning strike could produce a hazardous condition for
the vehicle. To prevent this condition from occurring, a review and elimination of
the possible ignition sources within the fuel tank/fuel system should be conducted.

Assuming that flamble mixtures may exist in any part of the fuel system, some
items and areas susceptible to fuel ignition include, but are not limited to, vent
outlets, metal fittings inside fuel tanks, fuel filler caps and access doors, drain
plugs, tank skins, fuel transfer lines inside and outside of the tanks, electrical
bonding jumpers between components in a tank, mechanical fasteners inside of tanks,
and electrical and electronic fuel system components and wiring.

Protection of fuel systems from lightning should be accomplished by at least one of
the following approaches:

a. Eliminating sources of ignition.

b. Ensuring that tank allowable pressure levels are not exceeded if ignition
does occur, and/or ensuring that the atmosphere within the tank will not support
combustion.

The preferred approach most often followed is to prevent any direct or indirect
source o± ignition of the fuel by lightning. Accomplishment of this approach is
quite challenging because thousands of amperes of current are conducted through the
airframe when the aircraft is struck by lightning, and that most conducting
elements, including structures and fuel tank plumbing, in and on the aircraft are
involved to some degree in this conduction process. A spark of - 2 x 10-4 joule
may be all the energy that need be released inside a fuel tank to initiate a fire
or explosion.
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The excellent lightning safety record of civil aircraft is attributed to the high
electrical conductivity of the aluminum alloys used in aircraft fuel tank construc-
tion and to designs which suppress interior sparking at very severe lightning
current levels.

However, composite materials, such as the carbon fiber composites (CFC), when
associated with fuel systems present difficulties in providing equivalent protec-
tion because of their lower electrical conductivity. Also, new construction
techniques such as adhesive bonding may have limited conductivity for lightning
current flow. Also, indirect effects, such as lightning- induced voltages in fuel
system electrical wiring and other conducting elements may be more severe within
composite structures than within conventional aluminum airframes.

3.0 SCOPE.

Information contained in this document includes discussions of aircraft fuel system
lightning interactions, approaches that have been used to show compliance, the
impact of materials and construction, lightning test waveforms and techniques, and
methods for analysis of lightning-induced transients.

The document incorporates improvements in the state-of-the-art with respect to
lightning effects and verification methods that have taken place since the previous
version of AC 20-53 were published. It was written to provide assistance to users
of AC 20-53A. The lightning environment defined in this document is in agreement
with SAE Committee AE4L report, "Lightning Test Waveforms and Techniques for
Aerospace Vehicles and Hardware," dated June 20, 1978 (AE4L-78-l) (Appendix A).

4.0 AIRCRAFT FUEL SYSTEM LIGHTNING INTERACTION.

Lightning can be a hazard to aircraft fuel systems if they are not properly
designed. The protection of a properly designed system may be negated if it is not
correctly constructed and maintained.

The effects of lightning on aircraft can range from severe obvious damage (such as
tearing and bending of aircraft skins resulting from high magnetic forces, shock
waves and blast effects caused by the high current, and melting of metal skins
caused by the lower level longer duration currents of some lightning strikes) to
seemingly insignificant sparking at fasteners or joints. However, if the sparking
occurs in a fuel vapor space, ignition of the fuel vapor may result, with unaccept-
able explosion damage.

All or a portion of the lightning current may be conducted through fuel tanks or
fuel system components. It is important to determine the current flow paths
through the aircraft for the many possible lightning attach points so that current
entry into the fuel system can be safely accounted for by appropriate protective
measures.

Metals, low electrical conductivity composite materials (e.g., carbon fiber rein-
forced composites) and electrical insulating materials (e.g., fiber glass or aramid
reinforced composites) all behave differently when subjected to lightning. Yet
each of these materials may be used in similar aircraft applications (e.g., wing
skins or fuel tanks). The metals offer a high degree of electrical shielding and
some magnetic shielding, whereas the electrical insulating materials (dielectrics)
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offer almost no electrical or magnetic shielding. As a result of the latter
properties, lightning does not have to come in direct contact with fuel systems to
constitute a hazard. Lightning can induce arcing, sparking, or corona in fuel
areas which may result in fuel ignition. This arcing, sparking, or corona can
occur in areas widely separated from any lightning strike attachment point

due to conduction of extremely high currents (associated with lightning) through

the aircraft structure or fuel system components.

The damage to totally nonconducting materials such as the fiber glass and aramid
(e.g., Kevlar') reinforced composites can be considerably more severe, as the
discharge can more easily penetrate into the interior and cause direct fuel vapor
ignition.

Lightning strikes can result in sparking and arcing within fuel systems unless they
are to be spark free. Flammable vapors can be ignited in metal and semiconducting
fuel tanks by arcing and in dielectric fuel tanks by magnetic and electric field
penetration which can cause sparking, arcing, streamer, or corona discharge.
Assuming that flammable mixtures may exist in any part of the fuel system, some
items and areas susceptible to fuel ignition include but are not limited to the
following: Vent outlets, metal fittings inside fuel tanks, fuel filler caps and
access doors, drain plugs, tank skins, fuel transfer lines inside and outside of
tanks, electrical bonding jumpers between components in a tank, mechanical
fasteners inside of tanks, and electrical and electronic fuel system components and
wiring.

4.1 COMBUSTION PROCESSES.

4.1.1 Fuel Flaimmability.

The flammability of the vapor space in a fuel tank varies according to the concen-
tration of evaporated fuel in the available air. Reducing the fuel-to-air ratio
may produce a vapor/air mixture too lean to burn. Conversely, a vapor space
mixture may exist that could be too rich to be flammable. In between these

e xtremes, there is a range of mixtures that will burn when provided an ignition
source. A typical equilibrium flammability envelope is shown in figure 1.

70 BURN
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FIGURE 1. TYPICAL FLAMMABILITY ENVELOPE OF AN AIRCRAFT FUEL
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However, there are a wide variety of factors that effect the resultant fuel/air
ratio in the vapor space of a fuel tank. The variety of temperatures, pressures
and motions that exist in flight can result in a wide variation of mixtures in the
vapor space.

Another example is the variation in initial oxygen content in the fuel, again
providing an additional factor in the resultant tank fuel/air ratio. Aeration of a
fuel or spray from a pump or pressurized fuel line can also result in extending the
lover temperature flammability below the lean limit.

Considering the possible variables, the properties of the fuel used by civil
aircraft, both piston and turbine engine powered, are such that a combustible
mixture is generally assumed to be present in the fuel tank at any time.

Therefore, the combination of the flammable fuel/air ratio and an ignition source
at the time of a lightning strike, could produce a hazardous condition for the
vehicle. To prevent this condition from occuring, a review and elimination of the
possible ignition sources within the fuel tank/fuel system should be conducted.

4.1.2 Sources of Ignition.

Laboratory studies involving simulated lightning strikes to fuel tanks or portions
of an airframe containing fuel tanks have demonstrated several possible ignition
mechanisms. Examples of ignition sources are as follows:

1. Direct contact of the lightning arc with the fuel-air mixture, as at a
vent outlet.

2. Hot spot formation or complete melt-through of a metallic tank skin by
lightning arc attachment.

3. Heated filaments and point contacts resulting from lightning current
passage through structures or components.

4. Electrical sparking between two pieces of metal conducting lightning
current, such as poorly bonded sections of a fuel line or vent tube.

5. Sparking from an access door or filler cap (which has been struck) to its
adapter assembly.

6. Sparking among elements of a capacitive-type fuel quantity probe, caused
by lightning- induced voltages in the electrical wires leading to such a probe.

7. Sparking between two conducting elements at different potentials as might
exist between an aluminum vent line and adjacent carbon fiber composite structure.

8. Corona and streamering from fuel tank components within nonmetallic tanks.

4.1.2.1 Minimum Ignition Current.

In the process of fuel vapor ignition by electric sparks, a very concentrated
source of energy is released in the unburned fuel vapor over a very short period of
time. The vapor in the immediate vicinity of the discharge is raised well above
the ignition temperature and an extremely steep temperature gradient is formed. As
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the flame zone grows, the temperature gradient becomes flatter as the excess heat
deposited by the spark is added to the heat of combustion being conducted out
through the surface of the combustion wave. If sufficient heat and energy have
been deposited by the spark, the minimum combustion flame size will have been
reached and ignition will occur.

The concept of a minimum ignition energy is of importance in lightning protection
as it suggests that the critical factor is in the total heat input into the spark.
Sparking in fuel tanks is often determined experimentally in terms of the current
and time magnitudes. An example of a curve of minimum ignition peak current as a
function of time is shown in figure 2.

10
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Note: This data Is provided as an example only and
should not be relied upon for proof of design.

FIGURE 2. PLOT OF MINIMUM CURRENT VS TIME DURATION OF EXPONENTIALLY DECAYING
PULSE FROM CAPACITOR SOURCE FOR IGNITION OF STOICHIOMETRIC MIXTURE
OF AVIATION GASOLINE UNDER LABORATORY CONDITIONS

4.1.2.2 Ignition From Hot Spots.

Ignition can also occur as a result of contact of fuel vapor with hot spots formed
by lightning strikes contacting metal or composite fuel tank surfaces, even if the
surface is not punctured or melted completely through. In this case, if the inside
surface of the tank skin becomes sufficiently hot and remains so for a sufficient
period of time (and is in contact with a flammable vapor), "hot spot ignition" may
occur. The time required to ignite a flammable fuel-air vapor in contact with a
titanium metal surface at various temperatures is shown in figure 3. The data
shown is for example only. Specific materials should be evaluated by test.
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= 11,000 (s - ) .

- 460,000 (s 1 )

t -time(s)

(2) Component B - Intermediate Current - Component B has an average
amplitude of 2kA (+10 percent) flowing for a maximum duration of 5ms. This
component should be unidirectional; e.g., rectangular, exponential or linearly
decaying. For analysis, a double exponential current waveform should be used.
This waveform is described mathematically by the double exponential expression

shown below:

where:

10 - 11,300 (A)

- 700 (s-1)

-- 2000 (s- 1)

t - time (s)

If the dwell time is more than 5ms, apply an average current of 400A for the
remaining dwell time. The dwell time shall have been determined previously through
a swept-stroke attachment test or by analysis. If such determination has not been
made, the dwell time shall be taken to be 50ms.

(3) Component C - Continuing Current - Component C transfers a charge of
200 coulombs (+20 percent in a time of between 0.25 and 1 second). This implies
current auplitudes of between 200 and 800 amperes. The waveform shall be unidirec-
tional; e.g., rectanglular, exponential, or linearly decaying. For analysis
purposes, a square waveform of 200A for a period of I second should be utilized.

(4) Component D - Restrike Current - Component D has a peak amplitude of
100kA (+10 percent) and an action integral of 0.25xl0 6A2 s (+20 percent). This
component may be either unidirectional or oscillatory with a total timr, duration
not exceeding 500 u s. For analysis purpose a double exponential waveform should
be used. This waveform represents a restrike of 100,000 amperes peak at a peak
rate-of-rise of 0.5xllA/s. The waveform is defined mathematically by the double
exponential expression shown in the following equation.
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TABLE 1. AUPLICATION OF WAVEFORMIS FOR LIGHTNING TESTS

Waveforms
Test Zone Voltage Current Components

A B D A B C D E

Full Size.
Hardware 1A,13 X 1
Attachment Point

Direct Effects 1A X X
Structural 1B X X X X

2A X2  X2  X.2B X X X
3 X X

Direct Effects
Combustible 1B X X
Vapor Ignition 2AX

2B X. X X
3 X X

Direct Effects
Corona and X
Streamers

Indirect Effects
Related to Spark X3

Generation Within
Fuel Vapor Areas

NOTE 1: Voltage waveform "D" may be applied to identify lower probabiliiy s-trike
points.

NOTE 2: Use an average current of 2kA + 10 percent for a period equal to the
dwell time up to a maximum of 5ms. If the dwell time is more than 5ms,
apply an average current of 400A for the remaining dwell time. The
dwell time shall have been determined previously through a swept stroke
attachment test or by analysis. If such determination has not been
made, the dwell time shall be taken to be 50ms.

NOTE 3: Indirect effects should also be measured wi:h current components A,B,
C, or D as appropriate.
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b. Surfaces directly aft of zone 1A should be considered as within zone 2A.
Generally, zone 2A will extend the full length of the surface aft of zone 1A, such
as the fuselage, nacelles, and portions of the wing surfaces.

c. Trailing edges of surfaces aft of zone 2A should be considered zone 2B, or
zone 1B if initial attachment to them can occur. If the trailing edge of a surface
is totally nonconductive, then zone 2B (or 1B) should be projected forward to the
nearest conductive surface.

d. Surfaces approximately 18 in. (0.5 m) to either side of initial or swept
attachment points established by steps (a) and (b should also be considered as
within the sae zone, to account for small lateral movements of the sweeping
channel and local scatter among attachment points. For example, the tip of a wing
would normally be within zone 1A (except for its trailing edge, which would usually
be in zone 1B). To account for lateral motion of the channel and scatter, the top
and bottom surfaces of the wing, 18 in. (0.5 m) inboard of the tip, should also be
considered as within the same zones.

e. Surfaces of the vehicle for which there is a low possibility of diredt
contact with the lightning arc channel that are not within any of the above zones,
but which lie between them, should be considered as within zone 3. Zone 3 areas
may carry substantial amounts of electrical energy.

5.2 ESTABLISHMENT OF THE LIGHTNING ENVIRONMENT.

For verification purposes, the natural lightning environment (which comprises a
wide statistical range of current levels, duration, and number of strokes) is
represented by current test components A through E, and voltage test components A,
B, and D. When testing or analysis is required, the waveforms defined below should
be used. Applications of waveforms and lightning zones are detailed in table I.

a. Current Waveforms - Test

There are four current components (A, B, C, and D) that are applied to
determine direct effects. Current waveform E is used to determine indirect
effects. Components A, B, C, and D each simulate a different characteristic of the
current in a natural lightning flash and are shown in figure 9. They are applied
individually or as a composite of two or more components together in one test. The
tests in which these waveforms are applied are presented in table 1.

(1) Component A - Initial High Peak Current -Component A has a peak
amplitude of 200kA (+10 percent) and an action integral (fi 2 dt) of 2xl06A2 s (+20
percent) with a total time duration not exceeding 500ps. This component may be
unidirectional or oscillatory. For analysis purposes, a double exponential current
waveform should be used. This waveform, represents a return stroke of 200,000
amperes peak at a peak rate of rise of 1xIO11A/s. This waveform is defined
mathematically by the double exponential expression shown in the following
equation.

16



ZONE 1lB

AR8 A C

FIGURE 8. LIGHTNING STRIKE ZONES (TYPICAL)
(See Sections 5.1.2 and 5.1.3)
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LIGHTNING STRIKE ZONES

ZZONE 2A

LA B

SC D C

FIGURE 7. LIGHTNING STRIKE ZONES (TYPICAL)
(See Sections 5.1.2 and 5.1.3)
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5.1.2 Lightning Strike Zone Definitions.

To account for each of the possibilities described in the foregoing paragraphs, the

following zones have been defined.

Zone I
Zone IA: Initial attachment point with low possibility of lightning are

channel hang-on.

Zone 1B: Initial attachment point with high possibility of lightning
arc channel hang-on.

Zone 2
Zone 2A: A swept stroke zone with low possibility of lightning arc

channel hang-on.

Zone 2B: A swept stroke zone with high possibility of lightning arc
channel hang-on.

Zone 3
Zone 3: All of the vehicle areas other than those covered by zone 1 and

2 regions. In zone 3, there is a low possibility of any attachment of the direct
lightning channel. Zone 3 areas may carry substantial amounts of electric current,
but only by direct conduction between some pair of direct or swept stroke attach-
ment points.

The zone definitions are in basic agreement with the definitions of earlier ver-
sions of advisory circular 20-53, except that the former zones I and 2 have been
subdivided to account for low and high possibilities of the lightning are channel
hang-on (figures 7 and 8). The locations of these zones on any aircraft are
dependent on the aircraft's geometry and operational factors, and often vary from
one aircraft to another.

5.1.3 Location of Lightning Strike Zones.

With these definitions in mind, the locations of each zone on a particular aircraft

may be determined as follows:

a. Extremities such as the nose, wing and empennage tips, tail cone, wing
mounted nacelles and other significant projections should be considered as within a
direct strike zone because they are probable initial leader attachment points.
Those that are forward extremities or leading edges should be considered in zone
1A, and extremities that are trailing edges should be in zone 1B. Most of the
time, the first return stroke will arrive shortly after the leader has attached to
the aircraft, so zone 1A is limited to the immediate vicinity (18 inches or
approximately 0.5 m) aft of the forward extremity. However, in rare cases the
return stroke may arrive somewhat later, thereby exposing surfaces further aft to
this environment. This possibility should be considered if the probability of a
flight safety hazard due to a zone 1A strike to an unprotected surface is high.
Where questions arise regarding the identification of initial attachment locations
or where the airframe geometry is unlike conventional designs for which previous
experience is available, scale model attachment point tests may be in order.

13



attachment point, the movement of the aircraft through the lightning channel causes
the channel to sweep back over the surface, as illustrated in figure 6, producing
subsequent attachment points. This is known as the swept stroke phenomenon. As
the sweeping action occurs, the characteristics of the surface can cause the
lightning channel to reattach and dwell at various surface locations for different
periods of time, resulting in a series of discrete attachment points along the
sweeping path.

X LIGHTNINGTi - Initial Attachments UHNN >(CHANNEL

T- Ts - Subsequent Attachments ISWEEPS! OFF

CHANNEL

INITIAL N
ATTACHMENT T
POINT I -

AT NOSEN

U

IN

L

IL I
G

H

A
It t5 t 3 t2 III N

N

TIME BASE L

FIGURE 6. SWEPT-STROKE PHENOMENON (LIGHTNING CHANNEL POSITION SHOWN
RELATIVE TO AIRCRAFT)

The amount of damage produced at any point on the aircraft by a swept-stroke
depends upon the type of material, the dwell time at that point, and the lightning
currents which flow during the attachment. High peak current restrikes with
intermediate current components and continuing currents may be experienced.
Restrikes typically produce reattachment of the arc at a new point.

When the lightning channel has been swept back to one of the trailing edges, it may
remain attached at the point for the remaining duration of the lightning event. An
initial attachment point at a trailing edge, of course, would not be subjected to
any swept stroke action, and therefore, this attachment point will be subjected to
all components of the lightning event.

The significance of the swept stroke phenomena is that portions of the vehicle that
would not be targets for the initial attachment points of a lightning flash may
also be involved in the lightning strike process as the lightning channel is swept
backwards, although the channel may not remain attached at any single point for
very long. On the other hand, strikes that reach trailing edges must be expected
to remain attached there (hang-on) for the balance of their natural duration.
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5.1.1.1.2 High Peak Current Phase.

The high peak current associated with lightning occurs after the step leader
reaches the ground and forms what is called the initial return stroke of the
lightning flash. This return stroke occurs when the charge in the leader channel
is suddenly able to flow into the low impedance ground and neutralize the charge
attracted into the region prior to the step leader's contact with the ground.
Typically, the high peak current phase is called the return stroke and is in the
range of 10 to 3OkA (amperes x 103). Higher currents are possible though less

-. probable. A peak current of 200kA represents a very severe stroke, one that is
exceeded only about 0.5 percent of the time for flashes to earth. While 200kcA may
be considered a practical maximum value of lightning current, in rare cases, higher
peak currents can occur. The current in the return stroke has a fast rate of
change, typically about 10 to 2OkA per uis and exceeding, in rare cases, lOOkA per
microsecond. Typically the current decays to half its peak amplitude in 20
to 40 mes. No correlation has been shown to exist between peak current and
rate of rise.

5.1.1.1.3 Continuing Current.

The total electrical charge transported by the lightning return stroke is rela-
tively small (a few coulombs). The majority of the charge is transported immedi-
ately after the first return stroke. This is an intermediate phase where a few
thousand amperes flow for only a few milliseconds, followed by a continuing current
phase (200 to 400 amperes) which varies from 100 milliseconds to a second. The
maximum charges transfered in the intermediate and continued phases are 10 and 200
coulombs, respectively.

5.1.1.1.4 Restrike Phase.

In a typical lightning flash there will be several high current strokes following
the first return stroke. These occur at intervals of several tens of milliseconds
as different charge pockets in the cloud are tapped and their charge fed into the
lightning channel. Typically, the peak amplitude of the restrikes is about one
half that of the initial high current peak, but the rate of current rise is often
greater than that of the first return stroke. The continuing current often link
these various successive return strokes, or restrikes.

5.1.1.1.5 Initial Attachment.

The lightning flash is a high current discharge between charge centers in clouds,
or between cloud and ground. Initially, the lightning flash produces at least two
attachment points on the aircraft, between which the lightning channel current will
flow. Typically, these initial attachment points are at the extremities of the
aircraft. These include the nose, wing tips, elevator and stabilizer tips, pro-
truding antennas, and engine nacelles or propeller blades.

5.1.1.1.6 Swept Stroke Phenomenon.

The lightning channel is somewhat stationary in air while it is transferring elec-
trical charge. When an aircraft is involved, the aircraft becomes part of the
channel. However, due to the speed of the aircraft and the period of time that the
lightning channel exists, the aircraft can move relative to the lightning channel.
When a forward extremity, such as a nose or wing mounted engine pod is an initial
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a. Submit a final test report describing all results and obtain FAA approval
thereof.

The following paragraphs provide information on each of the above steps.

5.1 DETERMINATION OF LIGHTNING STRIKE ZONES AND~ THE LIGHTNING ENVIRONMENT.

It is well known that lightning strikes do not reach all surfaces of an aircraft,
and that the intensity and duration of currents entering those surfaces that may be
struck vary according to location. To account for these variations, lightning
strike zones have been defined. once the locations of these zones have been
established for a particular aircraft, the lightning environment and need for
protection can be determined. The mechanism of lightning strike attachment zone
definitions, and some guidelines for location of lightning strike zones on a
particular aircraft are given in the following paragraphs.

5.1.1 Aircraft Lightning Strike Phenomena.

* 5.1.1.1 Natural Lightning Strike Electrical Characteristics.

Lightning flashes are of two fundamentally different forms, cloud-to-ground flashes
and inter/intracloud flashes. Because of the difficulty of intercepting and
measuring inter/ intrac loud flashes, the great bulk of the statistical data on the
characteristics of lightning refer to cloud-to-ground flashes. Aerospace vehicles
intercept both inter/ intrac loud and cloud-to-ground lightning flashes. There is

* evidence that the inter/ intrac loud flashes, figure 4, lack the high peak currents
* of cloud-to-ground flashes. Therefore, the use of cloud-to-ground lightning strike
* characteristics as design criteria for lightning protection seems conservative.

There can be discharges from either a positive or a negative charge center in the
cloud. A negative discharge is characterized by a return stroke, possibly one or
more restrikes, and continuing currents as shown in figure 5(A. A positive
discharge which occurs a smaller percentage of the time is shown in figure 5(0).

* It is characterized by lover peak current, higher average current, and longer
duration in a single stroke and must be recognized because of its greater energy
content. This possibility is accounted for in the action integral associated with
current component A, and the charge associated with component B. The following
discussion describes the more frequent negative flashes.

* 5.1.1.1.1 Prestrike Phase.

The lightning flash is typically originated by a step leader which develops from
the cloud toward the ground or toward another charge center. As a lightning
step leader approaches an extremity of the vehicle, high electrical fields are
produced at the surface of the vehicle. These electric fields give rise to other
electrical streamers which propagate away from the vehicle until one of them
contacts the approaching lightning step leader as shown in figure 4. Propagation
of the step leader will continue from other vehicle extremities until one of the

*branches of the step leader reaches the ground or another charge center. The
4 average velocity of propagation of the step leader is about one meter per micro-

second (us.) and the average charge in the whole step leader channel is about 5
coulomb.

8
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5.0 APPROACHES TO COMPLIANCE.

In general, the steps below outline an effective method to show compliance.

1. Determine the Lightning Strike Zones - Determine the aircraft surfaces, or
zones, where lightning strike attachment is likely to occur, and the portions of
the airframe through which currents may flow between these attachment points. The
strike zone locations are defined in paragraph 5.1.2. Guidance for location of
the strike zones on a particular aircraft is provided in paragraph 5.1.3.

2. Establish the Lightning Environment - Establish the component(s) of the
total lightning flash to be expected in each lightning strike zone. They are the
voltages and currents that should be considered, and are defined in paragraph 5.2.

3. Identify Possible Ignition Sources - Identify systems and/or components
that might be ignition sources to fuel vapor. Ignition hazards may include struc-
tures as well as fuel system mechanical and electric al/elect ronic components.
Refer to paragraph 4.1.2.

Note: In order to provide concurrence on the certification compliance, the above
three sequential steps should be accomplished, reviewed with the appropriate FAA
personnel, and agreement reached prior to test initiation to prevent certification
delays.

4. Establish Protection Criteria - Establish lightning protection pass-fail
criteria for those items to be evaluated.

5. Verify Protection Adequacy - Verify the adequacy of the protection design
by similarity with previously proven installation designs, simulated lightning
tests or acceptable analysis. Developmental test data may be used for certifica-
tion when properly documented and coordinated with the certification agency.

Note: Except for standard design/ instal lat ion items which have a history of
acceptability, any new material, design, or unique installation should follow the
additional guidelines provided herein to insure certification compliance can be
accomplished.

As appropriate:

a. Generate a certification plan which describes the analytical procedures
and/or the qualification procedures to be utilized to demonstrate protection
effectiveness. This plan should describe the production or test article(s) to be

* utilized, test drawing(s) as required, the method of installation that simulates
the production installation, the lightning zone(s) applicable, the lightning
simulation method(s), test voltage or current waveforms to be used, spark detection
methods, and appropriate schedules and location(s) of proposed test(s).

b. Obtain FAM concurrence that the certification plan is adequate.

C. Obtain FAA detail part conformity of the test articles and installation
conformity of applicable portions of the test setup.

d. Schedule FMA witnessing of the test.

7
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(5) Current Waveform E - Fast Rate-of-Rise Stroke Test for Full-Size

Hardware - Current waveform E has a rate-of-rise of at least 25kA/Ys for at least
0.5ps, as shown in figure 9. Current waveform E has a minimum amplitude of 50kA.
Alternatively, components A or D may be applied with a 25kA/Ms rate-of-rise for at
least 0.5us and the direct and indirect effects evaluation conducted simultaneously.

Indirect effects measured as a result of this waveform must be extrapo-
lated as follows. Induced voltages dependent upon resistive or diffusion flux
should be extrapolated linearly to a peak current of 200 kA.

Induced voltages dependent upon aperture coupling should be extrapolated
* linearly to a peak rate-of-rise of 100 kA/us.

b. Voltage Waveforms - Test - There are three voltage waveforms, "A," "B,"
and "D," which represent the electric fields associated with a lightning strike.
Voltage waveforms "A" and "D" are used to test for possible dielectric puncture and

* other potential attachment points. Voltage waveform "B" is used to test for
streamers. The test in which these waveforms are applied are presented in table 1.

(1) Voltage Waveform A - Basic Lightning Waveform - Waveform A has an
average rate-of-rise of lx10 6 volts per microsecond (+50 percent) until its
increase is interrupLed by puncture of, or flashover across, the object under test.
At that time, the voltage collapses to zero. The rate of voltage collapse or the
decay time of the voltage, if breakdown does not occur (open circuit voltage of the

, lightning voltage generator), is not specified. Voltage waveform A is shown" in
figure 10.

(2) Voltage Waveform B - Full Wave - Waveform B rises to crest in 1.2
(+20 percent) microseconds. Time-to-crest and decay time refer to the open circuit
voltage of the lightning voltage generator, and assume that the waveform is not
limited by puncture or flashover of the object under test. This waveform is shown
in figure 10.

(3) Voltage Waveform D - Slow Front - The slow fronted waveform has a
rise time between 20 and 250 ps to allow time for streamers from the test object to
develop. It should give a higher strike rate in tests to the low probability
regions that might have been excepted in flight. This waveform is shown in
figure 11.
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c. Current Waveforms -Analysis - For analysis of direct effects, the
waveforms defined in paragraph da above will be used. For analysis of indirect
effects, the waveform to be used represents a return stroke of 200,000 amperes peak
at a rate of rise of lxl1 1 A/s. The waveform is defined mathematically by the
double exponential expression shown below.

- i~t)0

* where:

-0 223,000 A
d- - 11,000

8 - 460 ,000
t =time (s)

* 5.3 IDENTIFICATION OF POSSIBLE IGNITION SOURCES.

In this step, the fuel system structures, components, and subsystems that may
* possibly constitute a source of ignition or other hazard to flight safety during a

lightning strike should be identified. Examples include:

* Access doors
Filler caps
Dip sticks
Sump drains
Fuel probe mounting doors
Skin joints and structural interfaces
Fuel tank plumbing hardware (i.e., couplings and fittings)

* Vent outlets
Jettison outlets
Temperature compensators
Electrical apparatus (i.e., quantity probes, pumps, electrical

feed-through connectors, low level indicators).
Bond lines between composite structural components which are

structurally bonded together.

In-addition to the sources noted, voltages and currents induced by lightning in
fuel system electrical wiring or plumbing may create electrical sparks or arcs at
components within the fuel tanks.

* 5.4 VERIFICATION METHODS.

Verification methods may encompass the range from (1) comparison with previous
design; (2) analysis; (3) developmental tests under controlled conditions; (4)

* "$qualification testing."6
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5.4.1 Comparison With Previous Design.

In some cases, lightning protection can be inferred if the design is the same or
very similar to a design vhich has been shown to be "safe" with respect to light-
ning. However, sometimes what may appear to be small changes in design may result
in a design going from "safe" to "unsafe." It is therefore desirable to conduct

* tests on the modified design to verify its integrity.

5.4.2 Analysis.

The aircraft designer generally uses analysis to predict the operation of a new
aircraft, and analysis could possibly be used to determine if a new fuel system is
free of ignition hazards related to lightning. However, due to the complexity of
today' s aircraft and the transient nature of lightning, it is extremely difficult
to predict the exact lightning current flow paths and the behavior of the fuel
system. For this reason, it is generally better to use comparison to a similar
design or to actually conduct "qualification testing."

5.4.3 Comparison with Development Tests.

Wherever appropriate and practicable, government and industry personnel should
specify or use the lightning test techniques, waveform characteristics, and pro-
cedures of appendix A during all phases of the lightning protection development.
Test results and test article configuration should be well documented. By so
doing, it is frequently possible to assemble test data from the development phase
which is of adequate validity and applicability to be used for qualification. For
some large complex systems, it may not be possible or economically feasible to
conduct lightning qualification tests on a production configuration. For these
cases, the final qualification verification must be synthesized from the verifi-
cation of the subsystems or equipment. For more complex programs, utilizing
the above approach, will result in substantial program savings in cost, schedule,
and t ime. (These savings can be significant even in low complexity programs).

New designs should generally be tested at qualification levels to verify that
they are satifactory. Sometimes during a development program several different
designs are tested to determine the best design for a particular application. If
during these preliminary tests certain shortcomings become evident, it may be
possible to show by comparison to development tests and analysis of a modified
design that modified production configurations do not suffer the same shortcomings
revealed during the development tests.

5.4.4 Qualification/Certification Testing.

Qualification/certification testing means that the system and/or its parts are

representative of production items and are tested at full threat level.

* The threat level is determined by the location of the fuel system on the aircraft
(see paragraph 5.1.3). Verification that a fuel system is safe from the deleter-
ious effects of lightning requires that a system and/or its components be: (l)
Subjected to the appropriate simulated lightning strike(s); and (2) instrumented
and tested in a manner so that an unsafe condition can be identified.
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5.4.4.1 Lightning Environment and Test Setup.

The lightning test voltage or current levels and waveshapes are dictated by
the strike zones in which the fuel system/ components are located on the aircraft
(refer to table 1). The test components should be production hardware (or equiva-
lent) and set up and connected to the lightning generator(s) so that the current
transfer into and out of the test sample is similar to that which would be experi-

%Ir enced by these components if they were installed in the aircraft.

If testing is used, characteristics of the in-flight environment such as altitude,
temperature, pressure, aircraft motion and aerodynamic forces should be evaluated
and accounted for, if appropriate.

5.4.4.2 Tests Utilizing Fuel-Air Mixtures.

* One technique used to verify the "safe" fuel system is to use ignitable mixtures of
* fuel-air in the test object during the time when it is struck by the simulated
* lightning discharge. Optimum fuel-air mixtures; i.e., those that require a minimum

energy for ignition, are used, and tests are required to demonstrate that the
proper ignitable mixture was present in the fuel system at the time when the
lightning tests were conducted.

5.4.4.3 Tests Utilizing Photographic and Temperature Sensing Apparatus.

Another technique used to verify the "safe" fuel system relies on photographic,
infrared, and/or temperature measurement to infer ignition of a flammable mixture
without using fuel for the test. If the suspected problem is hot spot ignition,
then a camera equipped with infrared film, an image converter, temperature sensi-
tive paints, or thermocouples may be used. If the suspected problem is the result
of arcing or sparking, then photographic or image converter techniques should be
used. Mirrors and auxiliary lenses and other optical systems should be used with
care. The particular photographic system selected should be capable of detecting a
0.2 millijoule spark produced by a capacitor discharge. Additional information on
use of photographic methods for detection of sparks may be found in appendix A,
paragraph 4.1.3.

5.4.4.4 Pass-Fail Criteria.

Any indication of sparking or hot spots, or actual fuel ignition constitutes a
failure. If fuel-air mixtures are used for testing, then ignition of the fuel
could constitute failure. However, if flame suppressants such as reticulated foam
are used, and if the flame was suppressed without damage to the system, then the
system would have passed and could be classified as "safe."

-7 If photographic and similar techniques are used to detect hot spots and sparks,
* etc., then any hot spot above the ignition temperature or arcing and sparking would

be considered unacceptable.

* 6.0 PROTECTION CONSIDERATIONS.

The following paragraphs present basic guidelines and areas of concern with
respect to lightning protection. It is recognized that protection design is a
constantly changing technology and that many other approaches may be possible.
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With the establishment of methods to predict the lightning current amplitude and
charge, as veil as dwell time, sufficient information is available to utilize the
charts of figures 12 or 13 to determine the skin thicknesses which will or will not
be melted through.

NOTE: It is not a recommended practice to extend the fuel system into a
zone 1A or 1B area. If it is deemed necessary to utilize the
zone I area for the fuel system, special design considerations
must be incorporated to assure satisfactory lightning protection.
This protection criteria must address potential areas of concern
such as binding radius, etc.

* 6.1 DETERMINATION OF ALUMIMUM SKIN THICKNESS REQUIREMENTS.

For example, let us assume that a bare solid aluminum skin is planned for an
integral tank in zone 2A, and that it is desired to determine how thick this skin

* should be to prevent melt-through. Further, let us say that this aircraft will fly
at velocities as low as 58 m/s (130 mph). From table 2, the expected dwell time
for this unpainted skin would be 2 ms. From f igure 14, an average of 2kA would
flow into the dwell point during this period, delivering 4 C of charge. According
to figure 12, these parameters intersect at a point about half-way between the
coulomb ignition threshold curves for 0.051cm (0.020 in.) and 0.102cm (0.040 in.)
aluminum skins, indicating that 0.102cm is the thinnest skin that should be
considered.

TABLE 2. LIGHTNING DWELL TIMES ON TYPICAL AIRCRAFT SURFACES IN ZONE 2A

Aircraft Velocitie~s]

15c.5.m/s 58 rn/s 103 rn/s
Surface Type (35 mph) (130 mph) (230 mph)

Aluminum and rl o 4 mns 22.0 mns 21.0 MS

titanium unpainted

Aluminum anodized '4.8 mns 22.6 ms

Aluminum painted 3up to 20 ms up to 10 ins

Note 1 - See Reference 1
Note 2 - See Reference 2
Note 3 - See Reference 3
Note 4 - See Reference 4
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Different dwell points, different coatings, and different thicknesses will cause
correspondingly different dwell times. Consider, for example, the longest dwell
time, 20ms, reported in table 2 for a painted surface. During this period, the
current of figure 14 would deliver 16 C. These parameters intersect at a point
just above the 0.229cm (0.090 in.) curve in figure 12 indicating that even the
0.203cm (0.080 in.) thickness may be insufficient to prevent ignition where certain
paints are used. In-flight experience has shown that 0.080 inch aluminum skins
without thick paints can tolerate zone 2A currents without melt-through.

Therefore, if paints or other surface treatments must be used, it is advisable to
perform swept-stroke tests to establish the actual dwell time, or to perform
melt-through tests to determine the actual melt-through (or hot spot) threshold.

6.2 DETERMINATION OF TITANIUM SKIN THICKNESS REQUIREMENTS.

By using the chart of figure 13, it is possible to determine titanium skin thick-
nesses in a manner similar to that for determining aluminum skin thicknesses. The
ignition threshold for titanium occurs when the backside (fuel side) of the skin
reaches 1320* C, a temperature sufficient to ignite a fuelair vapor. (Reference 4)

6.3 DETERMINATION OF PARTIALLY-CONDUCTIVE COMPOSITE MATERIAL SKIN
THICKNESS REQUIREMENTS.

No charts of the type in figures 12 and 13 have as yet been generated for other
metals or conductive composite materials, and the vulnerability of these should be
evaluated by test.

Lightning effects within fuel systems are a problem generic to both metallic and
composite fuel tanks. The problem in a composite structure is complicated by the
reduced electrical conductivity and the complex mechanical properties of the
material and the joints.

6.4 INTEGRAL FUEL TANKS WITH ELECTRICALLY NONCONDUCTIVE SKINS.

In some cases, nonconducting materials such as fiberglass-reinforced plastics (FRP)
are used instead of metals for integral fuel tank skins. In these cases, the
lightning channel will either:
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Puncture the skin and attach to an electrically conductive object inside the
skin (tank), path (a) on figure 15; or

Divert around the nonmetallic skin and attach to an adjacent metallic skin or
other object, path (b).

(b)

/ PUNCTURE

METAL/ \ /  /

METAL %,J_ - m

WING TIP (a)

FIGURE 15. POSSIBLE LIGHTNING ATTACHMENT TO NONCONDUCTING SKINS

If the channel reaches the skin but remains on the outside surface, path (b), it is
not likely that the skin will burn through or that its inside surface will become
hot enough to ignite fuel. The reason for this is that the current is not elec-
trically conducted by the skin, and the hot arc channel does not lie close enough
or long enough against the skin to burn through it. In fact, its effects are
usually limited to burning of external paints, if present, or to slight singeing
of the nonmetallic skin. However, an approaching leader induces streamers from
conductive elements of the aircraft including objects located beneath nonconducting
skins. If the electric field producing the streamers is strong enough, the skin
may suffer dielectric breakdown (puncture) and allow the streamer to reach the
approaching leader. This is most likely to occur when there is no external conduc-
tive object nearby from which another streamer can propagate and reach the leader
first. Obviously, if a puncture occurs through an integral fuel tank wall, fuel is
placed in direct contact with the lightning arc channel and ignition is possible;
therefore, normal practice has been not to have fuel extend into the zone 1A wing
tip area.

Puncture of skins can be prevented, or at least greatly minimized by placement of
conductive diverters on the outside surface of the tank as shown in figure 16.
These diverters should be placed close enough to each other or to other conductors
to prevent an internal streamer from puncturing the skin. In theory, this means
that the diverters should be close enough to greatly reduce the internal electric
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field and prevent internal streamer formation, since such streamers will intensify
the field as they propagate outward. Prevention of internal streamers by diverters
is called electrostatic shielding, and successful accomplishment of this function
is necessary to prevent skin punctures and, equally important, to prevent internal
streamers from forming and becoming a source of ignition.

Because streamers form most readily from sharp conducting edges and corners, the
number of metallic parts inside a nonconducting fuel tank should be minimized and
those that remain should be located as far from nonconducting skins as possible and
designed with smooth, rounded edges instead of sharp points. These concepts are
illustrated in figure 16. Also, metallic parts should be located with as great a
spacing from nonconducting skins as possible.

Fuel Quantity Unit
* mount as far inboard

as possible

Ouiter edge of fuel tank

Navigation Light
@ bond to diverter strip

Nonmetallic Wing Tip * run power wires inside
metal conduit which
is solidly bonded to
inboard wall and to
lamp housing

Fuel or Vent Line and Outlet Assembly
" perhaps make this of nonmetallic

material
" if it must be metallic, keep as

far inboard as possible
" keep as far from skins as possible

FIGURE 16. LOCATION OF METALLIC PARTS WITHIN NONCONDUCTING FUEL TANKS

If a diverter protection system such as that shown in figure 16 is used, it
will often be most effective if not painted. Painting of the fiberglass skin
itself, of course, is to be encouraged, as the added insulation provided by the
paint will further reduce the probability of skin puncture.

If a diverter arrangement is not practical for some reason) a conductive coating
may be applied to the tank instead. Such a coating may be a metal foil or a paint
heavily doped with metal or carbon particles. The major disadvantage of these
coatings is that a relatively large portion of the coating may be melted or burned
away when the flash attaches to it. A coating may have to be prohibitively thick
(one approaching the thickness of conventional metallic skins themselves) to avoid
these results.

On the other hand, a conductive coating has the important advantage of providing an
overall electrostatic shield that will virtually eliminate internal electric fields
and streamering. Thus, if metallic objects must be located inside the tank in such
a manner that streamers are of concern, it may be advisable to consider a conduc-
tive coating over the entire nonconducting skin. This precaution is particularly
appropriate if occasional burnoff of part of the coating is acceptable from a
maintenance standpoint.
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Precipitation-static must be considered carefully in applying conducting coatings
to plastic surfaces. If the external conductive coatings are not well bonded to
the airframe, severe precipitation-static interferences with substantial RF inter-
ference can result.

Coatings rely on one of two techniques: High and low electrical conductivity to
protect the dielectric material.

High conductivity coatings having a low electrical resistance in which the
current is conducted directly in the coating. The current density is very high at
the strike attachment point but it diminishes rapidly as the current spreads from
the lightning attachment point. This will probably result in a minimum of electro-
magnetic coupling to systems (wiring, metallic tubing, metal brackets, etc.) behind
or in the vicinity of the strike.

Low conductivity coatings such as carbon or metal filled paints, in which the
lightning current is not conducted by the material but rather the conditions, are
established so that the lightning arc can more easily flash across the surface than
puncture the dielectric material. Since the lightning current probably does not
spread out but remains as a single conducting plasma path, the electromagnetic
coupling would be similar to that obtained by a wire carrying a similar current.

Some metal filled paints are nonconductive and do not offer electrostatic shielding.
As a result, the approaching lightning channels can induce streamers from conductors
mounted behind the coating. Typical coating and diverter systems are listed below:

TABLE 3. COATINGS AND DIVERTER SYSTEMS

.ULIMtOVE '!

' &tnq'. Thin ,aCAL '31.T~r. t' , . .,

Spra.d ualc

Zxp&L-f thAInt

3bo Urttd paxnt

Carbon-Mill p:nc

fib~r ;La~s ctovi

Ot eccers Bea" conduct kye
Mte3i 41 ri ps

I *mA n bte P.ht
Caldm Itv

Sutto dL~tr

46taL 9ar-LcL- jr
41.L.crt : tcrip
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Users of any of the techniques listed in table 3 should be aware that improper
designs can create additional problems such as structural damage or systems inter-
face, and should carefully evaluate proposed designs and verify adequacy by test.

6.5 COMIPONENTS, JOINTS, AND INTERFACES.

Electrical vires and plumbing within fuel tanks pose another problem due to

negligible electromxagnetic shielding properties of these materials.

In the past, much attention has been given to keeping lightning currents out of the
interior of the aircraft by providing conductive and tightly bonded skins.
Since most lightning currents, due to their short duration, will not have suffi-
cient time to diffuse completely to interior structural elements such as spars and
ribs, some current will flow in other internal conductors such as fuel and vent
lines.

Since so little energy is needed for an igniting spark, the behavior of these
internal currents is of great importance to fuel system safety. Of course, when
the lightning currents which do flow in the skin encounter discontinuities at
access doors, filler caps, and the like, a possibility of sparking exists if

e lectrical bonding is inadequate; therefore, the behavior of lightning currents
remaining in the skins is important.

Figure 17 shows the possible lightning current paths in a typical fuel tank and
calls attention to these areas of greatest concern. These areas are discussed in
the following subparagraphs.

Joints Between Skins,

Jonts arnd nefcsi

FIGURE ~ ~ ~ ~ ~~Lie 17 LIHNN URETPTSiN AgFEs TN
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6.5.1 Filler Caps.

The need to provide a liquid-tight seal around fuel tank filler caps has led to use
of various gaskets and seals between the cap and its mating surface in the tank.
Most of these have little or no electrical conductivity, leaving the metallic
screws or other fasteners as the only conducting paths into the cover. If these
fasteners are inadequate or if they present too much inductance, lightning currents
may build sufficient voltage along such paths to spark across the nonconducting
seals, creating shorter paths. Some of these sparks may occur at the inside
surfaces of the joints and be a source of fuel ignition.

Research has been accomplished to evaluate this possibility and it has been
demonstrated that direct strikes to filler caps can cause profuse spark
showers, inside the tank, of ample energy to ignite fuel. Such a situation
is illustrated in figure 18.

LIGHTNING ARC

• ,,,,,,,METAL xji,,,;,H,

ARCI G ---"' ARCI"N"G..

FUEL S ALL CHAIN

FIGURE 18. SOURCES OF IGNITION AT AN UNPROTECTED FUEL FILLER CAP

Lightning protected filler caps have been designed to prevent internal sparking.
Figure 19 illustrates this type of cap. It incorporates a plastic insert that
precludes any sparking at interior faying surfaces and replaces the previous ball
chain with a nonconducting plastic strap. Lightning protected fuel tank filler
caps are commercially available and are being used in many aircraft where filler
caps must be located in direct or swept-lightning strike zones. Even though
lightning protected fuel filler caps are used, attention must also be given to
assuring that the cap adapter-to-tank skin inter~ace is free of ignition sources.
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LIGHTNING ARC

ARCING

P STIP

FUEL PLASTIC STRAP

FIGURE 19. LIGHTNING-PROTECTED FUEL FILLER CAP

NOTE: It is most important to assure that filler cap mounting adapters and
fasteners will not spark internally to the adjacent skin during a lightning strike
to the cap, adaptor or fastner.

6.5.2 Fuel Probes.

Extreme care must be taken to ensure that adequate gaps are maintained between the
active electrodes of the probe and airframe. It is particularly important that
sufficient insulation be provided between active electrodes and the airframe
because the highest induced voltages appears between all of the incoming wires
and airframe. This is shown in figure 20.

LONG CABLE RUN TO FUSELAGE

_ TO... - TO,6 ... . ELECTRONICS

SHIELDS
GROUNDED

HIGHES TO AIRFRAME
ONLY AT

INDUCED ELECTRONICS
VOLTAGES END

ARE
BETWEEN CAPACITANCETYPE
SHIELDS PROBE

AND I-
AIRFRAME WING

FUEL
TANK

FIGURE 20. TYPICAL FUEL PROBE WIRING
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Zone 2: Surfaces of the vehicle across which 2.3.1 Direct Effects
there is a high probability of a lightning flash
being swept by the airflow from a Zone 1 point Th nature of the particular direct effects as-
of initial flash attachmsent. sociated with any lightning flash depends upon the

structural component involved and the particular
Zone 3: Zone 3 includes all of the vehicle phase of the lightning current transfer discussed
areas other than those covered by :one 1 and earlier.
Zone 2 regions. In Zone 3 there is a low prob-
ability of any attachment of the direct light- 2.3.1.1 Burning and r.rodinr
Lnr flash arc. Zone 3 areas nay carry sub-

stantial aounts of electrical current hut only The continuing current phase of a lightning
by direct conduction between nome pair of dir- stroke can cause :;evero burning and eroding !avage
ec - or swept stroke attachment points, to vehicle structures. 71te roRt severe danage oc-

cur:; when the lihtning channel 11#ells or luings on
Zones 1 and 2 nay be further divided into A and at one point on the vehicle for the entire period of

e;.ionn depending on the probability that the flash the lightning flash, such as in Zone 1:1. tis can
. ,matn on ror any protracted period of time. An A result in holes of up to a few centlneters in din-
e rfion is one in which there in low probability n:ttr on the aircraft skin.
t the arc will remain attached and a B type region
one in which there is a high probability that the a. p. .2 ',ori::-;tion Pret;strc

ll remain attached. none ex.amples of zones are
follows: 'i; ;jhi puaki eurre1L ita:;e of L-te I i':t :

fla:.,; tranisfer-, a large~ amounIt of' e;acrf-! 4-1
Zone Li: Initial attachment point xirith low prob- peri(xi of ti:,e, a few trus of ,uicro:Ieclini:;. '.,i
ability of flash hang-on, such as a leading edge. c;t.gy trns.f:er cara result in a faat L,,urti.L wv aoriz:a-

tiol; of material. If tils occurq in :a confinl aron
Zone 1B: Initial attacment point wiih high prob- rtich as a radome, a hiph nross;;rc nav he, cr,red
ability of flash hang-on, such as a trailing edge. which; may he of sufficient nartnittidd, to caM;;c

qtructnral dalaa.,,. The vanoriation of mo.tal n nd
.one ZA: A swept stroke zone with low probabil- othkr materials ml the heann of C:i .hir infside
ity of flash hang-on, such as a wing id-span. the radone, crfcate tiho hilh into.rnal nrc :;re that

len'd-s to Rtriu'ttr.1 I fail itt;. i scnec Inst mt c,':
Zone 2D: A zpoept stroke zone with high proba- int ire rndorl(,. h;ve been !,Io,'n frivi tle .ircr:at.
hillty of flash hang-on, such as a wing inboard
trailing edge. 2. 1.1.3 :Lcnuti: Force

Arospace Vuhicle Lightning Effects Phenomena )uring the high peal. current phase of the lighit-
nitl, flash the flow of current through sharp bends

The lightning effects to which aerospace vehi- or corners of the aircraft structure can cause ex-
i are exposed and the effects wich should be re- tensive naguletic flux interaction. Ini certain cases,
luced through laboratory testing wuth qfrtulated the resultant magnetic forces can twist, rip, dis-
itninr waveforms can be divided into J;i"MCT EF- tort, and tear structures a-ay from rivets, screws,
"S and LI!U ECT ::mFCS. The direct effects of and other fasteners. These nagnetic forces are pro-
itnin, are the burnin-,, erodint, blasting, and portional to the square of the nagnetic field inton-
ict,.ral ,lefnrnation caused by lightning arc at- sity and thus are proportional to the square of the
,,:cnt, as wall as the hinh-press-re-shock inive. lirltning current. 7he damage produced is related
rnanetic forces produced hy the associated higi. both to the magnetic force and to the response tine
rent-. 'he indirect effects are predominatlv of the syster:.
wc rea:zIttn, from the int,,rnctinn of the eloctro-
i.tic fiehd nccqmninvin, linitnin- with electicni 2.3.1.4 Fire an;. Z.xplosion
tratux in the aircraft. ,azardotm; indirect effects
Ld in principle be produced by % lightning flash Nuel vapors and other comb-stibles may be ig-
* did not directly contact the aircraft anel hence nito. in several ways by a lilhtning flash. )ttrinr,
not capable of producing the direct effects of the restrike phase high electrical stresses around

Lini and blasting. However, it is currently be- the vehicle produce streaners from the aircraft Lx-
ted that iost indirect effects of importance will tremtites. The design and location of fuel vents
ssociated with a direct lightning flash. In nom determine their susceptibility to strea.er condi-

as 1oth direct and indirect effects nay occur to tons. If screamers occur from a fuel vent in which
same component of the aircraft. An exanple woulu flarmhtable fueel-air tatntures are prusent, irnition

a lightning flash to an antenna which physically nay occur. If this ignition is not arrested, flames
ates the antenna and also sends daraging voltages can ;,ropagato into the fuel tank area and cause a
the tranmitter or receiver connected to cat major fuel explosion.

anna. In this document the physical damage to the
anna will he discussed as a direct effect and the
tages or currents coupled from the antenna into
comm.unlcations equipment will be treated As an
irect effect.
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.4 Restrike Phas .vo through the lightning channel. Tus the light-

ninp cannel appears to sweep back over the surface
In a typical lightning flash there will be sev- an illustrated in Figure 2-1. This is known as the

1 high current strokes following the first return sept stroke phenomenon. Ao the sweeping action oc-
oke. TMese occur at intervals of several tens of curs, the type of surface can cause the lightning
liseconds as different charge pockets in the cloud channel attach point to dwell at various surface lo-

tapped and their charge fed into the lightning cations for difforant periodu of ctie, rasultitc in
anal. Typically the peak amplitude of the re- a f.ippin: action :hich produce:a a neries of dis-
ikes is about one half that of the initial high crute attachent points aonj" the qweepins: pt i.
Tent peak, but the rate of current rise is often
atar than that of the first return stroke. -he T.e ,Lnoumt of Jara.o :iroducnd at any point on
,tinuing current often links these various success- the aircraft 4v a swept-qtroke depends upon the type

return strokes, or restrikes. of material, the arc dell tine at that point, and
the lightuin;g currents i'hich flo: iuring the attach-

Aerospace Vehicle Lightnim Strike Phenomena nent. 3ot+ hig' pes: current restrikes with intdr-
-3.i a4n current components and continuin!; clrrentR

.1 Inittal Attachment nay be orxperionced. ",strikes typically t:u,€o-
attacheent of the arc at a new point.

Initially the lightning flash will enter and exit

aircraft at two or more attacleant points. There Mien the lichtnin. irc has been swept hack to
1 alwaYs be at least one entrance point and one exit Ote of the trailinr, edges it -y renin attached at
At. It is not possible for the vehicle to store the that point for the renai:in- duration of the light-
ictrical energ;' of the lightning flash in the capaci- nitir flash. An initial ,sit point, if it occurij at
Pc field of the vehicle and so avoid an exit point, a trailing edge, of coure, would not beauhjecttd
pically these initial attachment points are at the to any !wept strohe action.
remities of the vehicle. These include the nose,
i ti , elevator and stabilizer tips. protruding The significance of the swept atroke phenorenon
Anrnaw, and engine pods or propeller blades. Light- is tint portions of the vehicle that .zoul,! tot he
tc can also attach to the leading edge of wept irinps tanreta for the initial -!ntr, and exit point of a

ot iu control 3urfaces. lirghtninp, flash nay also be involvoc in the lipht-
niug flash process as th. flash is wept backvards

.:2 ;wept Stroke 'henaronon omrrnos the vehicle.

The liphtning channel is somewhat stationary in 2.Z.3 Lithtnin-. Attachmnr.t .,en
ice witile it is transferring electrical charge.
ku a vehicle is involver it becomes part of tim Aircraft .turfaces crn then be dividedl into three
kmol. lUnwevr, due to the speed of the vehicle zonen, with each zone laving different lirihting at-
I the len .'th of tine tuat the lihtnting ciuumael ex- tachiuent atu/or transfer chracteristics. Thiea are
:n, tie vehicle cain nove relative to the lihtninZ dofintied as f.lltms:
annal. 'flhen a forward extremity, such as a nose
uiinr tsouned angie lods are involved, cthe sturface Zana 1: Surfaces n the vehicle for ihaich there

is a high probability of initial li$htnin, flash
attachnent (entry or exit).

Tn

T 
2

, /"

"5

Figure 2-) S;wupt tr'nko. phonowueton.
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2.0 LIChTNING STRIUZ PRMM

2.1 ?3atural LIzhtnima: Strike Electrical Characteristics

Lightning flashes are of two funamentally diff-
erent forms. cloud-to-round flashes nd intr/intra- 

kcloud flashes. Because of the difficulty of Inter-
cepting and measuring inter/ intracloud flashes the
great bulk of the statistical datoaon the character-
istics of lightning refer to cloud-to-ground flashes.
Aerospace vehicles intercept both Inter /intraclaud STEPPED LEADER CHANNEL
and cloud-to-ground lightning flashes as shown In APPROACHING VEHICLE
Figure 2-1. There is evidence that the inter/intra-......
cloud flashes lack the high peak currents of cloud-
to-1tround flashes. Therefore, the use of cloud-to-
around lightning strike characteristics as design
criteria for lightning protection ses conservative.

There can he discharges from either a positive
or a negative charge center In the cloud. A asga-
tive discharge is characterized by several inter-
mitt ent strokes and continuing currents as shown In
Figure 2-2 (A). A positive discharge. which occurs
only a smiall but significant percentage of the time.,FDR CI4EL
in sitown in Figure 2-2(B). It is characterized by PASSING TH1ROUMI VEHICLE
both higher average current and longer duration In a
sinrle stroke and must be recognized because of Its
Preater energy content. 7he following discussion....
,describes the more common negative flashes.

2.1.1 Prestrike Phase

he lightning flash is typically originated by
a step leader which develops from the cloud toward
the r~round or towards smother charre center. As a
liglatninp step leader approaches an extremity of the
vehicle. high electrical fields ore produced at the
surface of the vehicle. These electric fields Cive RETURN STROKE~
rise to other electrical streamers which propagate PASSL'M BACK
away from the vehicle until one of then contacts the TOWARD CLOUD
approacIhinr lightning step leader as shown an Figure
2-1. Propanation of the step leader will continus
from other vehicle extremities until one of theA
branches of the step leader reaches the ground or an-......
other charge center. The average velocity of propa-
gatioa of the step leader is about one metor per mic-
ruoecond and the average charge in the whole step
leader channel is about 5 coulombs.

Fig. 2-L Lightning flash striking an aircraft.
2.1.:! Itinh Peak Current In-Ase

T2io high peak current associated with liefhtning
occurs after the step leader reaches the ground ans. second and exceedinp, in rare cases, 1IM Li' p'r "icrn-
forms what is called the return stroke of the ligtht- secondi. :ypicall:, the currnnt decays to half its omAk
ning flash. Tise return stroke occurs when the jisplitude in 30 to 40 Isaac. lIo correlation L~as bseets
charge in the leader chanel is suddenly able to flow osotn to exiat hetween peak current and rate of rise.
into the low impedance ground and neutralize the
charge attracted into the region prior to the step 2.1.3 Continuing ihirrent
leader's contact with the ground.* Typically, the
high peak current phase is called the return strske The total chalrge transportai by' the lightninr
and in in the range of 10 to 3n LM (amperes x 10 ). return stroke is relatively snall, a few coulonbs.
Illiher currents are possible though lees probable. ?-dost of the charge is transported in two phases of
A pak current of 200 MA represents a very severe the lightning flash following the first return stroke.
stroke, oes that is exceeded only about 0.5 percent Those are an intermediate phase in wtich currents of
of the time. While 200 Wt may be considered a pract- a few thousand aupree flow for tines of a few r'illi-
ical viaxfrnt value of lightning currenst, it should he seconds and a continuing current phase in which cur-
emphasized that in rare cases a larger current can oc- rents of the ordor of 200-400 aciperes flow for times
cur. Iteliable measurements are few. but there is var-ing fran about a tenth of a second to one second.
circinwaneial evidence that peak currents can exceed Vie maxiaaun charge transferred In the Intermedlate
4.00 MA. 'he current in the return stroke has a fast phase is About 10 coulombs and the maxirum charge
rate of change, typically about 10 to 20 k.. per micro- transported during the total continuing current nhase

in nbout 200 coulombs.
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1.0 rTROOUCTTON

This document presents test waveforms and tach- be manifested in mny different ways. it is tlere-

niques for simulated lightning testing of aerospace fore difficult to address every possible situation Ill

vehicles and hardware. .he waveforms presented are detail. However, the test uveforms described haerein

based on the best available knowledge of the natural represent the significant aspects of the natural en-

lightning environment coupled with a practical con- vironment and are therefore independent of vehicle

sideration of state-of-the-art laboratory techniques. type or configuration. "he recomended test tachni-
This document does not include desipn cracec~A nor ques nave aiso been kept general to cover as many

does it specify which Itma* should or should not be test situations as possible. qome unique situations
tested. ay not fit into the general guidelines; in such in-

stances, application of the waveform components must

Tests and associated procedures described here- be tailored to the specific situation.
in are divided into two general categories:

The test waveforns and techniques described

o iualification tests herein for qualification tests sioulate t':t effects
o Engineering tests of a severs lih:taning strike to an Aerospace vehicle.

W here it ties been shown thuat test conditions can af-
Acceptable levels of damage andjor pass-fail fect results of the test, a 3pecifiC approach in re-

criteria for the qualification tests nust be provided corrandud as a guideline to new laboratories and for

by the cognizant regulatory authority for each parti- consistency of results between laboratories.
cular case.

It Is not intended that every waveform and test

The engineering tests provide important data described herein be applied to every nysten requiring

that rvsy be necessary to achieve a qualiflable design. lightning verification tests. The *iocument is uritten
so that specific aspects of the environent can be

Ito tern Xorospace Vehicle covets a wide variety called out for each specific program as dictated by

of systems, including fixed win aircraft, helicop- the vehicle design, performnce, and mission con-

tars, missiles, and spacecraft. In addition, natural strilnts.
1lphtning is a complex and variable phenomenon and
its interaction with different types of vehicles may

-i
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. r n l i a pon Whr charg e4

12. Entry Point - A lightning attachment point where charge enters the aircraft.

12. Exit Point -A lightning attachment point where charge exits the aircraft.

13. Incendiary Arcs/Sparks - Arcs, sparks, or spark showers capable of igniting
fl-mmable vapors.

14. Indirect Effects - The results of electromagnetic coupling from lightning
(such as induced sparking in fuel quantity probe wiring).

15. Leader - The stepped leader is initiated by a preliminary breakdown within the
cloud. The preliminary breakdown sets the stage for negative charge to be
channeled towards the ground in a series of short luminous steps.

16. Lightning Flash - The total lightning event in which charge is transferred
from one charge center to another. It may occur within a cloud, between clouds, or
between a cloud and ground. It can consist of one or more lightning strokes.

17. Lightning Strike - Any attachment of the lightning flash to the aircraft.

18. Lightning Stroke (Return Stroke) - A lightning current surge, return stroke,
that occurs when the lightning leader makes contact with the ground or another

* charge center.

19. Spark Showers - Luminous particles resulting from electric arcs or sparks,
often associated with high current.

20. Streamering - The branch-like ionized paths that occur in the presence of a
direct stroke or under conditions when lightning strokes are imminent.

21. Swept Stroke - A series of successive attachments due to sweeping of the flash
across the surface of the airplane by the motion of the airplane.

22. Time-to-Crest of a Voltage Waveform - The time-to-crest of a waveform is
defined as 1.67 times the time interval between the instants when the amplitude is
30 percent and 90 percent of its peak value.

23. Time Duration of a Current Waveform - The time duration of a current waveform
is defined as the time from initiation of current flow until the amplitude (peak
amplitude in the case of a damped sinusoid) has reduced to 5 percent of its initial
peak value.
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so as to relieve mechanical stresses caused by wing flexure and vibration. These
actions may year away this insulation, providing unintentional and intermittent
conductive paths. This should, therefore, be given particular attention in the
design of aircraft fuel systems.

* 7.0 DEFINITIONS.

The following definitions apply to this document.

1. Action Integral - The action integral concept is difficult to visualize, but
* is a critical factor in the production of damage. It relates to the energy

deposited or absorbed in a system. However, the actual energy deposited cannot be
*defined without a knowledge of the resistance of the system. For example, the

instantaneous power dissipated in a resistor is by Ohm's Law, i 2 (t)r, and is
*expressed in watts. For the total energy expended, the power must be integrated

over time to get the total watt-seconds (or kilowatt hours). The watt-second is
equivalent to the joule, which is the common unit of electrical energy used in
high-voltage practice. Without a knowledge of r, we cannot specify the energy
deposited. But by specifying the integral of i2(t) over the time interval
involved, a useful quantity is defined for application to any resistance value of
interest. In the case of lightning, therefore, this quantity is defined as the
action integral and is specified as 'fi2(t) dt over the time the current flows.

* 2. Arcs - An electrical discharge between conductors in contact.

3. Attachment Point - A point of contact of the lightning flash with the aircraft
surface.

4. Average Rate-of-Rise of Voltage -The average rate-of-rise, dv/dt, of a
waveform is defined as the slope of a straight line drawn between the points where
the amplitude is 30 percent and 90 percent of its peak value.

5. Charge Transfer - The charge transfer is defined as the integral of the time-
varying current over its entire duration.

* 6. Corona - A luminous discharge that occurs as a result of an electrical
poten~i-ldfference between the aircraft and the surrounding atmosphere.

7. Decay Time of a Voltage Waveform - The decay time of a waveform is defined as
the time interval between the intersect with the abcissa of a line drawn through
the points where the voltage is 30 percent and 90 percent of its peak value
during its rise, and the instant when the voltage has decayed to 50 percent of
its peak value.

8. Direct Effects - Physical damage effects caused by lightning attachment
directly to hardware or components, such as arcing, sparking, or fuel tank skin
puncture.

9. Direct Stroke Attachment - Contact of the main channel of a lightning flash
with the aircraft.

10. Dwell Time - The period of time that the lightning arc channel remains
attached to a single point.
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6.5.3 Joints in Skins.

Sparking is sometimes a result of current densities through small paths across the
joints in which the current density exceeds the fusing current (e.g., currents that
melt or vaporize material) density. Small burrs of aluminum with insufficient
cross sectional area to carry the localized current are vaporized or melted and
exploded into small spark showers. These can be generated across joints with even
low joint impedances, as illustrated in figure 22. Thus, the edge treatment of
wing planks arnd splice plates, for example, is critical in preventing Sparking
inside fuel tanks.

/ ~ .3 ' Sadly sheared splice
3 plate burr permits
alatt icompete spark showersealnt icompetesealant

sip pses sparking

FIGURE 22. POSSIBLE SPARKING AT STRUCTURAL JOINT

* There is no hard-and-fast rule for the number of fasteners per meter of joint
(density) which are necessary to avoid sparking. Any sparking usually occurs at

* the interfaces between the fastener and surrounding metal, and the occurrence of
such sparking depends on other physical characteristics, such as skin metal
thickness, surface coatings, and fastener tightness. Tests in which simulated
lightning currents are conducted thro)ugh the joint should always be made on samples

* of joints involving new materials or designs following production manufacturing
techniques.

Graphite/epoxy composite material can have a severe corrosion problem due to
galvanic action between graphite and other aircraft material, mainly aluminum.
Direct (uncoated) aluminum-to-graphite compostie joints should be avoided.

6.5.4 Joints and Interfaces in Pipes and Coupling.

* When lightning currents are flowing through the structure, small amounts of current
* may be diverted through metallic fuel lines, vent pipes, other plumbing inside a

fuel tank, and hydraulic lines. For nonmetallic tanks, these currents may be
significant. This current may cause sparking at pipe joints and couplings where
there is intermittent or poor electrical conductivity. Some pipe couplings, for
example, are designed to permit relative motion between the mating ends of a pipe
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Electrical devices, such as fuel probes, have been intentionally designed to
withstand comparatively high voltages without sparking. However, structural
designs or material changes may alter this situation and permit excessive
induced voltages to appear in the fuel tank electircal circuit.

When determining the breakdown voltages of fuel quantity probes, test voltages
must be applied to all of the electrode combinations which may exist, (this
is not required to be accomplished simultaneously). In most probes both the "high"
and "low" electrodes are insulated from "ground" (airframe) as shown in figure 21,
but the mounting bracket brings the probe into proximity of the airframe. There-
fore, test voltages should be applied across each of the basic electrode combina-
tions as shown in figure 21 (taken from reference 5).

Aircraft Fuel Tank Skin

"I I
TERMINALS I I CONDUCTIVE TUBES

'(a HIGH 1 I I

""I I

-~ LOWS 3I
I INSULATING

CLAMP

2 U
a.

Aircraft Fuel Tank Skin

Possible breakdown of gaps in capacitance-type probe.
1. High to Low
2. High to Airframe

d 3. Low to Aiframe

FIGURE 21. TYPICAL IMPULSE SPARKOVER VOLTAGES FOR
A CAPACITANCE-TYPE PROBE
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The flow of lightning current through vehicle diffusion through metallic skins or direct pnsera-
structure* can cause sparking at poorly bonded struc- tion through apertures such as skin joints and win-
ture interfaces or joints. If such sparking occurs days or other noumetallic sections. If the fields
where combustibles such as fuel vapors are located, are changing with respect to time and link electri-
Ignition may occur. cal circuits inside the vehicle, they vill Induce

transient voltages and currents into chese circuits.
* Lightning attaching to an integral tank skin These voltages may be hazardous to avionic and elo-
- may puncture, burn holes in the tank, or heat the trical equipnent, as wall as a source of fuel igni-
- inside surface sufficiently to ignite any flammable tion.
* vapors present.

Voltages and currents may also be produced by
2.3.1.5 Acoustic Shock the flow of lighltninC current through the resistance

of the aircraft structure.
The air channel through which the lightning

flash propagates is nearly Instantaneously heated 2.3.3 Effects on "orsonnol
to a very high temperature. '4hea the resulting shock
-ave u)pintss apn a surface it nay produce a de- One of the most troublesone effects on personnel
structive overpressure and cause mechanical damage. in lash blinduess. 7.ts often occuru co fliglc cra:

rlerYr(s) 'ho rnay be lookir, ott of the vehicle In
2.3.2 Indirect Effects the ,irection of tie li-.htning flash. 7he rasultkn'

flash blindness ruy pertint for periods of 3n seconds
)amage or upset of electrical equipmnt by cur- or nore, rendering the crew nenber tenporarily tunable

rents or voltages is defined as an indirect effect. to use his eyes for flight or instrument-radinr
lt this (iocument such damage or upset is defined as purposes.
an indirect effect even though such currents or volt-
ares may arise as a result of a direct lightning Personnel inside vehicles nay also be subjected
flash attachment to a place of external electrical to hazardous effects from lightnine strikes. Serious
hardware. An example would be a wing-tip navigation electrical shock nay be caused by currents and volt-
light. If lightning shatters the protective glass are~n, conducted via contral cables or wirint, leadin.
covering or burns through the metallic housing and to the cockpit from control surfaces or other iarJ-
contacts the filament of the bulb, current can be ware struck by lit;htning. Shock can also he induced
injected into the electrical wires running from the by the intense thunderstor electromagnetic fields.
bulb to the power supply bus. This current may burn
or vaporize the wires. The associated voltage surge The shock varies from nild to serious; siuffi-
nay cause breakdlown of insulation or damage to other cient to cause nmbness of Mnds or feet and some
electrical equipment, disorientation or confusion. ' uis can he quite haz-

ardous In hIghr-performance aircraft, particularly
'ven if the lightning flash does not contact ir- undur the thunderstorm conditions during which lipht-

Sint; directly, .it will set up changing electromagnetic nin. strikes generally occur.
" fieldo around the vehicle. T7e metallic structure

of the vehicle does not provide a perfect Faraday Tests to evaluate these personnel effects are
- cage electronagnetic shield and therefore some *lsc- not included in this document.
, tromagnetic fields can enter the vehicle, either by

A
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3.0 S TMAD LIGHIDM PAMMTER SWIULATION 3.2 Waveforg Descriptions for ualficatrtou Tests

3.1 Purpose 3.2.1 Voltage Waaveforms

Complete natural lightning flashes cainot be du- The basic voltage waveform to which vehicles are
plicated in the laboratory. Nost of the voltage end subjected is one that ries until breakdown occurs
current characteristics of lightning, however, can be either by puncture of solid Insulation or flashover

. duplicated separately by laboratory generators. These through the air or across an insulating surface. The
characteristics are of two broad categories: rhe path that the flashover takes, either puncture or sur-
VUMLTWKS produced during the lightning flash and the face flashover, depends on the rate of rise of the
C MRENTS that flow in the completed lightning channel, voltage as shown in Figure 3-1.
With a few exceptions, it is not necessary to simu-
late high-voltage and high-current characteristics During some types of testing it is necessary to
together, determine the critical voltage amplitude at which

breakdown occurs. rida v~±.cj~n u4ae 4oveL aae-
The high-volcage characteristics of lightning pends upon both the rate of rise of voltage and the

determine attaclhmnt points, breakdown paths, and rate of voltage decay. No examples are (1) deter-
streamer effects, whereas the current characteristics mining the strength of the insulation usad on electri-
deternine direct and indirect effects. cal wiring and (2) determining the points from which

electrical screamers occur on a vehicle as a lightning
In uost cases, lightning voltages are sizulated flash approaches.

by hiCh-Inpedance voltage generators operating into
high-inpedance loads, while lightning curren are Although the exact voltage iaveform produced by

" simlated by lou-impedance current generators olperat- natural lightning is not knoun, flight service data
gin into low-imspedance loads, and conservative teat philosophy justify the dafini-

tion of fast rising voltage %aveforms for the tests
The waveforms described in this section are ide- just described. Voltage testing for qualification

alized. lefinitions relating to actual vaveshapas purposes thus calls for two different standard volt-
are covered in WISI and I= Standard Techmiques for are waveforms. These are shown in Figure 3-? and are
DielectricTeJts. ANSI C68.1 (1908) and =EE 3lo. 4. described in the followinc sections. 'Te qtallffca-
Tes specifications are equivalent and are In turn tion tests in which these i:aveforms are applied are
equivalent to Htfih Voltage Test Techniaues, IEC 60-2 presented in the test matrix of Table 1. The objec-
" (1972). .The definiLtiLons in these .Losnents should tives of each test. the t-vt setup. es-iuroenert and

he used to determine the front time, duration and dat-i re4utrerts nr. described ir Sectiot 4.0.
* rate of rise of actual waveforms.

!'evere lightning flash voltage and current wave-
forms, as descried in Paragraph 3.2 have been de-
veloped for purposes of qualification testingr 'ie-
fory s in Paragraph 3.3 are for ,l&D or screening test
p rlmes and are designated engineering tests.

Voltage %mveforms that would
occur if puncture or flash-

. over did not u icer

2". x A fast rate of voltage rise

leads to r onctire at 11

.V2 - A slower rate of voltage rise
• leads to flaslv ver at V1

" puncture of solid insulation

/ fLme lag curve for fla.qh-
. over through Air
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3.2.1.1 Voltage 'laveform A - BeaLi Lightning The tests in which these maveforms are applied
Waveform are presented in Table 1. The objectives of each test

along with setup, measurment, and data requiresomt
thin waveform rises at a rate of 1000 kV per are described in Section 4.0.

microsecond (+502) until its increase is nterrupted
by puncture J. or flashover across, the object under 3.2.2.1 Component A - Initial flih Peak Current
test. At chat time the voltage collapses to zero.
The rate of voltage collapse or the decay time of the This component smulates the first return stroke
voltage If breakdown does not occur (open circuit and is characterized by a peak amplitude of 209 kA
voltage of the lightning voltage generator) is not (L127) nd an actin integral (i",dt) of 2 x 102
specified. Voltage waveform A is shown in Figure a-econds (2nt) wi th a total tie duration not

~3-2 eXcedn 00 icoseconds.

3.2.1.2 7oltao 1aveforn I1 - Full Uave The actual waveshape of this component is pur-

posely left %ndefined, because in laboratory sioula-
4aveform B is a 1.2 x 50 microsecond waveform tion the waveshape is strongly influenced by the type

Wtich is the electrical industry standard for impulse of surae generator used and the characteristics of
*dielectric tests. It rises to crest in 1.2 (+20.) the-device under test. :atural lightning currents
nicroseconds and decays to half of crest amplitude are unidirectional, but for laboratory simulation
in 50 (+207) iticroseconds. Time to crest and decay this conponent may be either unidirectional or os-
tine refer to the open circuit voltage of the light- cillatory.

ninc voltage generator, and assume that the wave-
fnr is not limited by puncture or flashover of the 3.2.2.2 ramponent B - Intermediate Gurrent
object tinder test. This waveform is shown on Fig-
tire 3-1. This component simulates the intermediate phase

of a lightning flash in which currents of several

3.2.2 'atrrent 'nveforms thousand amperes flow for tines on the order of sev-
eral nilliseconds. It is characterized by a current

It is difficult to reproduce a severe lishtning sur,.a with an avcrae current of 2 M, (+10.) flowinp

flanh by lahoratory Simulation because of inherent for a rfisxinm duration of 5 nilliseconds and a mxi-
facilit' iluiltations. Accordingly, for determining nm chlrge transfer of 10 coulombs. T.e waveform
the off~icts of lichtning currents and for laboratory .qlwtld he unidirectional, e.g. rectangular, exponen-
qualification testing of vehicle hardware, an ideal- tial or linearly decaying.

*. i-ed representution of the components of a severe
lilitnin, flash incorporating the important aspects 3.2.2.3 Component C - Continuing Current
of both positiv,: and negative flashes 'ns hean de-

. fined and is shown on F'iure 3-1. Component C simulates the" continuing current 'iat
flAts during the lightning flash. and transfurs iwst

For qualification testine, there are four com- of the electrical charge. This comqponent ,iuat trans-
,aunt-, A, 1, C, and .7), ,toed for determination of for a charge of 200 coulombs (+202) in a time of be-
direct effects and test waveform r. used for deter- twen 0.25 and 1 second. This ilplies current anpli-
raination of indirect affects. rCoponents A. 11, C, tides of between 200 and in amperes. The linveform
rndi D etch simulate a different characteristic of the ahuld be unidirectional, e.-. rectaegtlar, exponen-
current in a natural lightning flash and are shoun on tial or linearly decayinC.
Firure 1-3. 'hey are applied individually or as a
composite of two or note components together Ln one 1..2.4 Contponent ,) - ",estrike Crrent
test. .1tere arc very few cases in which all four com-
ponents must be applied in one test on the sne test Coaponent ') simulaten ai subsequent hig h p)eah

J object. Rise time or rate of cluage of current has current. It is characterized by a l1eak aMplitudu6 of
little effect on physical damage, and accordingly ias Van kA ( 101) and an action intefiral of 0.25 x 10
not bean specified in these components. Current wave- anire 2

-:ecund (+20%).
form, E, also slwn on Figure 3-3. is intended to deter-
mine Indirect effects. When evaluating indirect of-
facts, rate of change of current is important and is
specif inl.

,
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3.2.2.5 Current Waveform E - Past rate of Rise modal attach points tests In the 17.3. Slw front wave-

.Stroke Test for Full-Size Hardware forms (on the order of hundreds of microseconds) pro-
duce a greater spread of attach points, possibly In-

Current waveform Z si tulates a full-scale fast cluding attachments to low field regions. Therefore
rate of rise stroke for testing veicle hardware the test data must be analyzed by appropriate statis-

which at full scale would be 200 kA at 100 W/ts. tical methods in defining Zone 1 regions.
The peahk amplitude of the derivative of this wavefort
nust be at least 25 ItA per microsecond for at leaut Two high voltage waveforms are described In the
0.5 microsecond, as shown In rTiurc 1-3. C:urrent following paragraphs and ulhown on Figure 1-4. The
'.v.forti ha s a, rminim amrplitu, e of 50 L.,. An amp- first :is a fast waveform whiLch is to be used for what

1ttuale of 50 "1% is ,tied to enable testing of typical will be termed "fast front nodel tests." "he second
aircraft couponents with conventional laboratory lipht- waveform is A slow risinc waveform which will lI em-

ning current generators. -he action integral, fall played for "slow front modal tests."
ti.-, and the rate of fall are not specified. If de- ....... * .. . -_ e "F on ; ' t

sired and feasible, components A or ") may be a;p.4......... "."....-.. - - Pan.: Fon. it
i-th a 25 it per nicroocond rate of rise for at least
0.5 wicroiecond and the direct and Indirect effects .hd is a chopped voltage waveform in which flash-
e.:aluation conducted simultaneously, over of the rap between the model under test and the

tost electrodes occurn at 2 microseconds (+50').
3.3 'Jveform Descripcions for ratrineerinx Tests Te aeplitude of the voltage at tine of flashover

and the rate of rise of voltage prior to breakdown
3.3.1 Purpose are wt-specified. The waveforn is shown on Finure

Lirhtning voltage and current waveforms decrib-
oil tn the following paragraphs have been developed 3.3.2.2. Voltace Ilaveform 1) - Slow Front todal Tests

for enineering design and analysis. Te slow fronted waveformn has a rise time between

'Ie teats in which these uaveforns are applied 50 .and 250 nicroseconds so as to allow time for strear-

are .trosenteI in -able 2. -lie objectives of each teat, arm from the uodal to develop. It should I:ive a higher

atong ,rvtlh setup, masurenent and data requirements strtke rate to tie low probability re,-ions tln other-

are eacribed in Section 4.n. wine nieht have been expected.

3.1.2 "oltare "1veforrs 3.3.3 Aurrent ';aveforms

I"u rin, tests on model vehicles to detenine poe- Current waveform coq,onnts " and C.. uhoun on

sible attachment points the length of nap used be- Figure 3-5, are intended to determine indiruct effects

tweetn the qluctrode sioulatinr the approaching leader oil very large hardware and full size vehicles. -mee

. and the vehicle depends upon tile nodal scale factor. waveforu, are specified at reduced amplitudes to over-

:- !srign :iuch tests it is leauirable to allow the stream.- cure inherent full .vehiclo test circuit limitations
or. froTi the modal sufficient time to develop. and also to allow testing at non-destructive levels to

* *ccorJingly, for nodel tests it Is necessary to stand- be iade on opcrational vehicles at nn-destructive
ardize the time at which breakdown occurs, even though levels. Scaling will depend on the nature of the coup-

cite rate of rise of voltage is different for different ling process as detaile- to the follovin. paragraphs.
tests.

3.3.3.1 Test 1laveform r - reoduced Aplitudo
It has been ,utermined in laboratory testing tsat Intdilrectional Iteform

the results of attaclment lmint testinR are influenced
b the voltaGe waveform. Fast rising waveforms (on Component r simulates, at a low current level,

the order of a few uIcroseconds) produce a relatively both the rise tine and decay tine of the return strole
few number of attach points, usually to tite apparent corrent peal. of tile lightning flash. It has a rise
',irh field regions on the modal and all such attach tine of 2 microseconds (+70%), a decay tile to 1alf
points are classified as Zone 1. Fast rising ive- amI.itude of 50 ricroseconds L2%) .ad a aininm
forms lave been used for practically all aircraft amplitude of 250 amperes. Iulirect effects measure-

mants tude with this component oust be extrapolated
to tile full lightning current anplitude of 200 1..

.
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3.3.3.2 Test Wavafons 01 and 02 - Damped Ofecilatrow
t~eweforme

Fst race of rise current waveforms and higher
amplitude waveforms nay often be usefully ewloyed for
Indirect effects testing. For Indirect effects de-
pendent upon resistive or diffusion flux effects (i.e.
not aperture coupling) a 1ow frequency oscillatory
current - waveforn G in uhi:ch the period (1/f) is
long conpared with tkoe diffusion ciise, should be used.
.uIs requires a frequency, f, of 2.5 kilohelt or

lower (i.e. the duration of each half-cycle is equal
to or greater then 200 in). M.utre resistive or d:Lff-
usion effects are measured, the scalin should be In
terms of the peak current, with full scale bl.ve, 200 V .

For Indirect effects dependent upon aperture
compling the high frequency current, waveform r.
Minald be used. "Mi mi'mum frequency of uavefit. G,
should be no higher than approximately 300 im or 1/1O
of tia lw et natural resonant frequency of the air-
craft/return circuit, uhichever is lover. Mohere aper-
ture-couplod effects are wrwaured the scaling should
be in terms of rate-of-rise (di/dt), with full scale
boinx 100 kA/sas.

lmn testin! composite structures with wnveform
,, resistive and diffusion flux induced voltages may

o~cur as ell as aperture coupled voltages, and re-
stlts h ould he scaled both to 200 kA and to 100 WA/pm.

A-10
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VOLTAG:E VnLTAE
UAVVF(M1 ,av1lnlt

A U

~$ Flashover

N

w ). of crust .nplitude

0- I I

0 1.2 s + 20Z 50 I* + 207

Time (.ot to Scale)

Figure 3-2 Idealizd Ilglh-voltage eos waveforn
for qualification testing.

C:IPRREITr CO:"NET A Iseflnition of rate of rise require-

(Initial Stroke) vient of test rave ,rn
Pr.nl: anplitsuh, - 20()kA + Il'"
,ccinn Interarnl *n 2xlt , r.irrent

A ecowis + 20 currcnt CflRRrNT C(tPni'!:'NT I) la t e (if If 4V

Time ')rt ion :5 S4x0Pa (Retrike)
Peal: arnplitide ltOkA + 4n"

URREW (*.(VtPtVrH? P Action intejrnl- 0.25xl AIV

(intern lnte Current) snconds + 0Z

'Laxitmsm Clmrr.e Transfer* ifl . iinoMb Time flration 4 5fldVA

n .,vorgnen plitdm 2 * 1;,% + -M

IIRRT P1r t(P1"lII r C
((onlt niiinp (irrent) Ctinrrnt

Sare n i I:.\ "---
2n0 Cnulomhx + 20.Z
Amplitude - 2 i50- SOOA/

I I l
B I

- 5xl10 3 sec -- O .l25 see eT 1 sec nrlr ,,\l.t.'l

Paik amplitudeaSO MA
Time (Not to Scale) Rate of Rise ?25 kA/us

for at least n.5 )JR.

Figure 3-3 Idealized current test waveform components

for qualification testing.
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Flashover Flashover

I I

2 ps 50 to 25pas

Fiurtre 3-4 Idealized high vnltsvre waveforms for enpineering tests.

(.1RIMiEtr 'IAVIMM1? F
T1- 2ps + 2M% C1RRM.T !W ,V tLwn'l r 1 and (:2
T.,- 5~n-+ 50n
Pink amnltitde 1 !Javeform G;1 1 2.5 kl1 (mc' "nrn. ... :!)

250 Tmp'. Tinf ..

,.veform ;2 f 30O kil. (Re P,-ra. 1.1.1.2)

502 of
I t

I i

0 T1 A2

Time
(Not to scale)

Figure 3-5 Idealized current waveforms "or engineering tests. (Note:
Peak amplitudes are not the nama.)
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Table 1

Application of Vevefams for ualifiation Tests

Voltage Test Technique

Test Zone wavefomus Current lHaveforns/Components Para. No.

A A D A . C D .

Iull size hardware
attachment point IA,B x X 4.1.1

Direct effects -

se ctural, LA X 1 4.1.2, 4.1.2.2.1

1s x I x x 4.1.2, 4.1.2.2.2

2A X x x 4.1.2, 4.1.2.2.1

2 Z x 4.1.2, 4.1.2.2.4

3 x x 4.1.2, 4.1.2.2.3

Direct effects-
comeb4hle Vapor Same current components as for structural test. 4.1.3

ignition

Direct effects
snreenes X 4.1.4

ltoirect effects -
mewmnl electrical : 4.1.5

hrdwa

Int,, 1. I;s.,.avern! et'rrent of 2 kA U r0)2 for i dIvtl te less than
5 milttspconims monmirot. In Tst 4.2.. tip to a anxrtIm of j

: N.0 2. I!so avera.o,, rurrent, of 400 -rnp for dllt]. time in Or,..is of
mne .1n dolterminai hy en.noorinjf .t xsts.

_ - nte, 1. TNdirsywt effects. shmil nIssn he onu.rs"I wtth .r,rrent 121wrponontr.
A. I. C. I1) a apropriate to the test se

Inte 4. The appropriate fraction of comonent "C"
especced for the location and surface finish.

Table 2

Application of Weveforns for Emnineering Tests

Voltage Test Techniqti
Test Zone waveforue Current hyveforms/Cmponents Pare. 4o.C a C z F 61 G2

Model aircraft
lishweal" attachment
point test

Fast front X 4.2.1
Slov front 4.2.1

Full also hmrdware
attachment test 2A X x 4.2.2

Indirect effects -

complete X or X + X 4.2.3

A-13
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4.0 lOT TZ=IQUS If the test object so mall that a 1-meter
Pp permits strokes to 4ise the teat object, or if a

The siulated lightning wevfatm. nd compoments 1-mter gap is Inappropriate for other reasons,
to be used for qualification testing are presented In shorter or Longer gaps nay be used. :hgtL.pla flash-
Table 1. This table given the current componeuts that overs should be applied from each electrode position.
will flow through em aircraft structure or specimnm In Tests nay be comenced with either positive or nSag-
sek some. Zn soe cases, however, not anl of the tive polarity. If test electrode positions are found
current components specified In the table will contri- from uhlch the saulated lightning flashovere do not
bate significantly to the failure rechanim. There- contact the test piece, or do not puncture It if it
fee, in principle, the no-contributlag component(s) to nonnetallic, the tests from these sne electrode
can be emitted from the test. If components are to positions should be repeated using the opposite
be emitted from a test for this reason, the proposed polarity.
test plan shuld be agreed upon with the cognizant
rapulatory authority. 4.1.1.4 :3aurments and :)ea :gUaireents

Table 2 presents v etforse suggested for asgu- feumenrts that should be taken during these
earing tests. rhe objective of ench qualification or testa Include the followtus:
engineIei- cest, setup and ,asu rw ost details and
data requirenuca are described In the following para- a. es.t 'ol S and ,Uplitude Lavforu. The
graphs. voltage applied to the Cap should , i tred. * t.-

SapI&S of the iMltagae Waveforis Would ho tal.as to -in-
4.1 Ocalification Touts Atlilh thMt Waveform A is in fact heinc ;ti.slied.

VntAce asursienta should he rrlo Mf Oacla test "olt-
4.1.1 'pull Size "Yardwre Attachment Point Testa - ae nwaveform applied since breujleown paths, and hence

.AM I the test voltage, ay change. Particurlar attention
should be given to assuring that the rap flAshes over

4.1.1.1 Objective on the wavefront. If a flashover occurs on the wave
tall, the test should be repeated with the generator

This attachment point test will be conducted on set to provide a higher vo.tnee or the teat electrode
full size structures that include dielectric surfaces positioned closer to the test object so is to proluce
to deterW. e the detalled attachlment points on the Us- flashover an the uavefront.
carnal sarface, and if the surface is noametallic, the
:'th taen by the ligitning arc In reaching a .ea iI . Attacluent Points and/or Breakdown Paths
structure. .Thw voltage generators used for these tests ar e Tih

buiedance devices. The test current may be much loss
4.1.1.2 Waveforna tum natural lightning currents. .oueqmutly, they

will produce tuch less di aGe to the test object than
Test voltage weveform A should be applied betvee a natural, Liting flaah, even though the brtakdown

the electrode And the grounded test object. In the case will follow the path a futll-scale lightning mtrok
of test objects having particularly vulnerable or flight- current would follow. Mccasionally .diligent search
critical com~enta it my be advisable to repeat the will be requ:Lred to find the attacment pic:nt on net-
tests usIOR waveform 0 as a confirmstory test. ala or the breakdown path through nonmetallic surfaces.

Thaes attachment points or breakdown paths hould be
4.1.1.3 Test Setuy looked for after each test rnd ararled, uhen found,

with ,naking tape or crayon :tar-.nan to prevent con-
The test object should be a full-scale produs- fusitu with further test results.

tion line hardware component or a representative pro-
totype, ine. minor changes from design samples-or 4.1.2 Direct ffacts - soructural
prototypes may change the Wlghtning test results.
.Ul conducting objects within or an nomietallic !tard- 4.1.2.1 Objective
ware that are nornally conected to the vehicle when
Installed In the aircraft should be electrically con -lmse teats dOtermine the direct affecta which
neated to ground (the return side of the lightning lightning currents may produce in structures.
generator). Surrounding entetnal mstalIc vehicle
structure should be simlated and'attachad to the 4.1.:.2 17avoforas
test object to make the entire test object look as
such like the nctual veicla region under test as iamAlated lightning current weveform comlon ata
poesible. should be applied, dependin, on the vehicle zone of

the test object, as follows:
The test electrode to which test voltage to ap-

plid should be positioned so that Its tip to I neter 4.1.2.2.1 Zone U
aay from the nearest surface of the test object.

9thanions of the test electrode are not critical. "74veform cemponents A anvd B should be applied.
merally, nodel tests or fiald sperinmce will Iove

Indicated that lightning flash. cm approach the ob-
jest under test from several different directions. I
so, the test should be repeated with the high voltage
electrode oriented to create strokes to the object from
these different directione.
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4.1.2.2.2 ZOMM 1B The polarity of components A and 0 can be either
positive or negative. The polarity of the generators

Wsveform coments A, 3, C. an D should be used to produce components B and C should be set so
applied is uthat order. but mt e cessauily as one that the eletrode is negative with respect to the
eemtumoe discharge, test object, because greater damage is generally pro-

dotced whoo the test object in at positive polarity
4.1.2.2.3 %me U~ wihre to the test electrode.

Althogh Zone 2A to a swept stroke some, static 4.1.2.4 Ztesurmcents and Dat a .eUiiraments
tests am be conducted once the attachment points end
duell thres have been determined.* Current componente !1sasurements for these tests Include test current
0, 1, and C should be applied In thet order an appro- msplitude(s) and waveform(si). Initial stroke, restrike
priate to the following discussion. and Intermediate current components way be masured

with noninductive resistive shunts,* current transfers-
111gb pea current reetrikes typically produce on, or 1RogovskiL coils. trontinuine currents may be

ra-ettcwient of the arc at a new point. Therefore, measuared with resistive shuits. The output of ach of
current component 0 is applied first. The dwell time these devices should be toeaaured and recorded.
for compots R and C in Zone 2A may be decermined
fran swept stroke test. as described In Paragraph 4.2.2 WnTZ Indirect effects Measurements aro fro-
Or. alternatively, a worat case dwell time of 50 nilli- qutentry-equired for maccruel electrical har4ware,
seconds nay be assumed without conducting swept strote as dpecified in Paragraph 4.1.6. If desired, sone of
tens. The timing mechanism nf the generator ptvdue- these asurments can be made duritir the direct
Ing conmponent 5 should be net td allow current to flow effeacts tests.
into the test object (at anty single point) for the
maximm dwell tine at that point as determinewd from Since the condition of the test object or other
the dwell point tests. If the measured dwell time is parts of the test circuit naty affect the test cur-
Zresein then 5 mliseconds or if a 30 millisecond rent(s) applied, measurements of these parameters
dwell tims has beeni assusd, the component 1 current should be made during each test applied, and the de-
should be reduced to 4W siopeee (component C) for tails of the test setu, recorded for each test.
the dwell tims in mowe of S millisecomds. If the
=assured dwvel~l time is loe thenm .L4-aesade, co- 4.1.3 Direct nffeces - Combustible Vapor Ignition Mai
ponent 5 should be applied for the length of time Skin or Ccomonent Punc ture. Hot5 'bots or Arcinst
MOSneurm.doMM to a Minimm of I RUiIseadgkd.

4.1.3.1 Objective

4.1.2.2.4 Zo_ _1 The objective of these tests is to ascertain the
possibility of combustible vapor ignition %a a result

Current coments 3, C and *3 should he applied of Aa or cmmponent puncture, !wt *pot. formation. or
In that order.' arcing In or near fuel systems or other rsgions where

4.1.2J2.5 z~one 3combustible vapors may exist.

CMITTO??: These tests simulate the possible direct of-
rCurrent componenS ts and C should be 4pplod in 7sa ich nay cause Ignition. Icuit ion of coubust-

that order to test objects in Zone 3. Thle test cur- ible vapors; may also be caused by lightnint; Indirect
rents should be conducted late and oit of the test ob- effects such as Induced voltages in fuel probe wiring,
jout in a Inatifr similar to the way- lightning currents etc.
would be conducted through the aircraft.

4.1.2.3 Test Setup Uf a blunt electrode is uset' ith a ver k.nall

4.1..3.1Too locrode3nd as ap, tite asd pressurs and qbach wave effecta in the
4.1..3. Tet %ectodeandCeoconfined area may cause ours physical dmtine than

would otherwise he produc.d. The electrodu tshould
The test Corrents are delivered from a test ele- he rounded to allow relief of the pressure forned by

trode pOosiiond sdjacent to the Cest object. The test the discharge.
object is conected to thme return side of the genr-"
ator(s) so that test current can flow through the ob- POT mltiple coumpoieont tests, the test electrode

~stt n a ealitic er. hould be placed as Uar fron the tost object surfa~ce
as the driving voltage of the Intermediate component

r= R The my be Interectioe between the arc B or continuing current component C. will allow. A GAP
md curent carrying conductor.. eawe Pe be taken spacing of at least 50 =s in desirable but a lessor
to 686WO that these interactions do not inflece the Coop of at least 10 an is required w.hich will result
test re"s.s In tiare conservative data. 14han components 3 or C are

preceded by the high peak current component A, the higth
Tim. electrode material sheuld hea Senod elictri- driving voltage of this generator initiates the* arc and

Cal condtuctor with ability to resist the ersion pro- subsequent cunponats 3 and/or C follow the established
duesi by the toet currents involved. Yellow brass, arc even though driven by a much lover voltage.
steel, tunftsten And carbon are suitable electrode tie-
terIala. The* shape of the electrode is usually a
roundl rod firmly affixed to the Cemerasor Output
terminal ad speced at a fixed distsnce boe the sur-
fade of the toot object.
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.1.3.2 ~4.1.4 Direct Effects - Stramers

The some test curen weveforms Should be ap- 4.1.4.1 Obiective
lied Ws are specifiled for at.rcural dowse tests
it Paarp 4122lectrical stramers Initiated by a high voltage

field represent a possible ignition @oure for coobust-
.1.3.3 lauLS_@M ibla vapoirs. The objective of this test Is to dater-

mine if such streiners may be produced In rtgm.
,fes setp requirments ar th so as those whome much Vapors mclat.

scribed in paragraph, 4.2.213 for structural dws
Bits, with the following additional cOWUWiertions 4.1.42 232

if a conpieta fuel tank to sot available or lIn- Test voltage waveform a should be applied for
atical tar test, a semple of the tank akin or other this teat. -Lbe crest voltage should be sufficient to
acinsu representative of the actual structural coup- producei atreamerlng but Bet sufficient to cauee flaeb-

'iguration (including joints, fastesera and sihetrue- over in the high-voltage, gap. Genrally, this Vill
urea, attacmet hardware, as well as internal fuel raquiro thtat the average electric fieold stradLetc
auk f ixtrbes) should be installed an a light-tight between the electrodes be at least 5 kWeni.
posning or chamber. Phiotography Is the preferre
echnirpte far detecting sparking. If photography can 4.1.4.3 Teat Sm
a emloyed, the cimber should be fitted with an
irray of mirrors to take any sparks visible to the The teat object should be mounted In a fixture
metma. However, for regimes where possible *Verb- representative of Ithe surrounding region of the air-
nn activity caseot be mole visible to the canra, froend be subjected to the high-voltage waveform.
glkin tests tmay be used by placing an Ignitable The voltage moy be applied either by (1) grounding
tiol-air aliture Inside she tank. Thais an be a six- the Ue object and arranging the high-voltage teat
tro of propane and air (g.*for propanas a 1.2 electrode sufficiently clone to the test object to
toiaoeic; mixture) or vaporized samples of the cresto the required field at the test voltage level
pproprixte fuel nixed with air. Iterificatian of the applied or (2) connecting the tomt object to the high-
aubutibility of the mixture should be obtained byr voleage output of the generator and arranging the test
Coitin with a 3penk or corona ignition source UP- object I& preimity to a pound plane or other ground
reduced Into the tst obwmbe Sin ilateLysit- mel o~strade that is connected to the -ro-sed or low aide
lalitring test In Which no Ignition occurred.* If of the gator. ln either case the lov voltage aide
he combustible mixture wan Bet limnitable by thin of the senawator should be pronded. Zither arranwe-
isificial smire, the lightning test mest be conald- most an provide the necessary electric field at the
redl Invalid ond repeated with a now nixture ustil. teat object aperture. The teat object ahomd be at
ither the lightning test or artificial Ignition positive polarity with respect to grouned, sawc this
iurce, ignites the fuel. polarity usalmly provides the met profuse acromering.

.1.3.4 Iteements and Data RIiauim~es 4.1.4.4 3Iamuoent and Data Reouilrwmts

Thn sane teat current coesmuts should be 'Masits should Include test voltage wvv&
adoe = are specifiLed for structural damage tests In fowni and amplitude, and degree and location of sere
stragraph 4.1.2.4. aring. The presence of strwmering at locations where

combustible vapors are knowin so mint is conaidered an
The preasce of an Ignition source-should be de- ignition source. The presene of stremmering can best

arnmed by photography of possible aparking. For be dtetermined with photography of the teat object whlao
doe purixo.. a comer is placed In the teat chamber In a darkened area. If the presence of streamers Is
ul the shucter left open during che test. M:parmence questionable, the test should be run with a combustible
dicatoo that AM IWO speed film exosed at A. *7 !A mixture actually prepse in the test object to determine
t-nfnsctrrr All lighit to the chatober Intatrior twast If Ignition occurs, but care should be taken to ensure
i oclssdetl. Mny ILght indications on the MAiii due that the test arrangement simalates relevat operational

i internal xparking after test shouldt be taken as an (i.e., In-flight) cheractariatca.
idication of sparking sufficient to Ignite a cesibust-
Ile 'Mixture. 4.1.3 Direct Zffects Exrternal Electrical Hardware

WE i s thad of determinin the possibility 4.1.5.3. Oblective
I sorkftsholdbe utilized only If certainty m

ms that aln locations where sperking might exis The object of this test is to deterine the
re visible to the ,mr. anosP of physical dowsge which ray be arpperienced

by maternally smed electrical components, such as
4me spetialsed instrumtateem my be edded if pltat tubes, etome navigation lightsoaec. whuen

Iitiedlsafomaties such am shin surface tmea- directly struck by lightning..
tea, Prssre rimse, or flow frost propegatiem vel-
ittles are desired.
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4.1.3.2 Iavaem, Test Setup, and Rmesurwnto The teat electrode should be positioned so asto
and Data Ramufrommosts Inject simulated lightning current into the test ob-

ject at the probable attachuet point(s) e-peted fromt
Se as for structures test as described in natural lightning. For tests run concurrently with

Paragrp A.2.2. direct effets tests on the sme test object, thuis
should be an arc-entry (flashover fron test electrode

4.1.6 Indirect Effects - External Electrical Hardware to test object); but for tests mndo only to determsine
the Indirect effects, hard-wired connections can be

4.1.6.1 Obiective ade between the generator output and test object.
This Is appropriate especially if it. Is desired to

The objectivs of this test is to determine the finizea physical dage to the test object. The test
mgnitude of Indirect effects that ocu when light- object should be grounded via the shielded enclosure
na" stribs axternally mused alectric"l hardware, so that siulated lightning current flow from the
mosh as aneeua, electrically hested pitet tubes,or test object to the shielded enclosure In a ==oer re-
Gavieatioe lights. For such lrdure the Indirect presentative of the actual Installation.
effects Includje conducted crrents and suge voltages,
and Induced voltages. Thease currents and voltages my 4.1.6.4 !tcssurenents and Data "auiranonts
them bet conducted via electrical circuits to other ay-
som in the vehicle. Therefore, during the direct Itessurests should include test current anpli-

effects tests of electrical hardtme rmeted within tude(ai) and waveform(s) as specified for the direct
Ammes 1 or 2. nessurets should be nade of the volt- effects tests utilizing the mew waveforms In Para-
ae aapearina at all electrical circuit taminials of graph 4.1.2. In addition, nmasuruienta should be made
the compoenwt. 'In addition, a fast rate of rise test of conducted end induced voltages at the terminals of
should be conducted for evaluation of mgmetically electrical circuits In the test object.
Induced effects.

'Immurement of the voltages appearing at the a1-
4.1.6.2 11vfr metrical terminals of the test object-should be ade

with a suitable recording instrunent- having a band-
Qrrmut couponests A through D) used for evalua- width of at least 20 megtahertz2.

ties of direct effects wre also used for evaluation
of Indirect effects, particularly those relating to In mes cases it Is appropriate to cake measure-
the diffusion or flow of curent through resistance, ments of the voltage between two terninals, as well as
The specif ic %aivefovie to be used are the ari as of the voltage between either terninal nd ground.
thase specified In Paragraph 4.1.2. In addition, the Since the aount of Induced voltage originacine In the
faet race of change current wwaform R should be ap- test object which cam enter systems such as a power bux
plied for evaluation of magnetically Induced affects, or an antousa coupler depends partly on the inpodances

of these items, these Impedances should be sivumlated
Indirect effects asee as a result of this and connected across the electrical terminals of the

wavefor. mst be extrapolated as follow. Induced test object where the Induced voltage is being measured.
voltages dependent upom resistive or diffusiom flux
should be etrapolated linearly-arn-peam-cnrrout of The resistance, Inductance and capacitance of
200 MA. the load Impedance should be Included. A typical

test aid neasurent circuit is shown in ?ipure 4.1.
Induced voltages dependent upon aperture coupling

should be extrapolated linearly to a peek rate-of-rise CAUTIOU: Interference-free operation of the voltage
of 100 kA/". measureent systet should he verified.

4.1.6.3 Test Setup Shielded Enclosure

.he tact object should be rmated on a shielded Imelate
test chenber so thet acces to Its electrical conot-
tar (s) cam be obtained In a res relatively free from Oclocp
exrem s aelectrommgnetic fields. This Is necessary Test Oclocp
to prevent electramgnetic Intern er-ce originasting Object1
in the Lights$ng test circuit frem Interfering with Iaehpnumesmat of voltages Induced in the test object eshpw
Itself . The test object should be fastened to the Elements
test chamber In a mor s4-41s- to the way It is
wanted em the aircraft. six"e nernal beading limped-
mews Pay contribute to the voltages indued In cir-
culta. ff the shielded elosursis Larne enough,
the neseeet/rccording equipamt may be contained \

within It. If me, a suitable shielded InstrummmutT--
cable ray be used to treesfar the Induced voltage sig- Lihtin
cal fron the shielded duala to the equipmente. In - urent D fivider or
this case, the equipmt should be located so no tt Generato Attenuator

pigur* 4.1 Ksantial elements of electrical hard-
ware indirect effects. test and messurement
circuit.
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~~del 241-f Laton Attah t oinat Test electrode

e objective of ChM ROdW test is to deceunfae
amon the vehicea where direat lightedag strikes
mit to attach.

it Is desired to 'detrmie the planes on the
t imee lightning stries wmee proable,
Ltae weveform C emy be atillzed. U it to

in addition, to Identify ocher esi ace where 0
WY alas11 Ocft= on Tarm Oeeaeit* Voltage mWVQ 0,1804

!as, be utillued. The lmg rise-tMe of n-
allow developsme of striin and attachent
La reusesS of leme fild tntmitt (In addil-
thno of hinlh intameitv at surfaces of hinh

Test retuo

eae an smll-seeLa models are helpful for da-
mn atta5~t Oin. Tit .m cases, tasts on
mc be supplemented by other nao to deter
aet attacimmit zones or points. This to patti- . - latitude i10
true of aircraft Involving largea n~ta of 0- lonitude

Mina stmuctural materials.

accurate madel of the vehicle extorte from
1.110 full scala should be asmcrunted. The figure 4-2 Aircraft coordinate system.
voseibla vehicle coafiguraaie should also

Led. rCoustIng soree em the-aimraft
Me tcprested by caoduetive awneses on the
and vice vere. Vf rotaeion of the coe' significantly changes the

gu". lonths, It way be neensmary to reposition the
a odel toe them positioned on insulacees be- electrode. Typically three to tex shoto are taken
be electrodes of a tad-ta gap or the electrode. with the aircraft In each orientation to simulate
Road plane of a tod-ylm Wa. The longtb Llp.htning fleshes approaching ttott different Uirsa-
&Vpe Sap should be ait lastc 1.5 timas the long- tin.. Photographs, prbferably with two cameras at
mssa of the model. The direction of epposeh right segles to each other, should be taken of each
lees controllable at wash higher ratio. and dst In order to determine the attachmuent points.

*Am any even miss the model. The lower ga, Ther upper electrode should be positive with respect

me uuch as 2.5 tirm the longest dimesion of to a and/or the lower electrode.
ml. aod should be at lest equaL to the model

in. 4.2.2 Full-Sise Ilarduere Attachment Point Test-
Zooe 2

aoly the electrodes mte flasi ad the sod"
cad. The owrintations of the electrodes with 4,2.2.1 OWety
to the model should be soash as to define all

itteelment points. Typically, the aeectrodes The uscelie of arc attachmenut In Zone 2 regimes
I to doe ande". a"e plased at 3W steps In let- Is fundamentally different from that In Zone 1. The
roud the 0* and 90* longitudes, as shown In bees inechanims of attacheent Ite shown on Figure 4-3.
-2. Slle steps in latitude or longitude The a"c first attaches to point I and then, viewing

.equired to Identify all attacmen point.; the test objet an stationary, to swept beck along the
surface to point 2. Whben the heel of the are is
above point 2 the voltage drop at the src-meatal inter-
fae is sufficiently high to cause flashover of the

*air gap and pueatura of the surfesea finish at point
2 ausing It to re-ettach there.
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haerc gill a0a2 be blow beck along the etw- The objectives of attachment studies in Zone 2
itl the voltage along the are chanel And ar- are then:
nterface is sufficient to cause flashover and
mt to another point. The voltage at whicah each For metallic curfaces
Achent will occur depends strongly upen the (including conventional painted or treated sur-

finish of the object under test. The vlt- faces):
l1able to cause puncture depends upon the cur- To determine possibl. attachmant points and as-
W i In the ar= and the degree of Ionization sociated dwall times.

channel. There is an Inductive voltage rise
he arc as rapidly changing currents flow For nometallLc surf:ces
It. There will also be a resistive voltage (including netallic 'urfacos with high dielec-

'oduced by the flev of current. Ije inductive tric strength coatinr s):
I rtie as mall as the estastive rise can be To deternine if punctures .ay occur.
tefiflrAnt when a lightnin restrike occurs
, point In the flaesh. 4.2.2.2 taveforms

4.2.2.2.1 tetallic Surfacos

To determine arc dweell times n metallic sur-
A"~ faaces, including conventional painted or treated stir-

faces, it is nocessary to sinulate the continuing
currant component of the lightning flash. Thus the
sinlated continuing current alould he in accordance
with current componant C.

The current generator driving voltage tait he
- sufficient to maintain an are length thant itnves freely

alonr, the surface of the test object. The tint Oleo-
Mowing .urfs trade should he far enouc:. abov, the surface so as

not to influence the arc .ttacheant to the text sur-
'Igure 4-3 Re mechanism of swept stroke face. if the technique or rij.uro 4-3 is usod, the

attacwasnt. electrode should be a rod iarallel to the air streAm
and apptoximately parallel to the test object.

addition, if the flash is discontinuous for A restrike nay be adled to the continuing cur-
period a very high voltage is available prior rent aftar initiation to Coternine whether a rustrike
of tte e gt cUWTrnt cOMPOVtet. 34aCMW the with its associated hiph current amplitude unuld cause
ramming hot and ney contain -esidual ionized re-attaclhant to points other, than those to which the
an, this voltage stress is greatest along it continuing current are would re-attach. If a restrike
sequent Current C0141pII are likely to flow io used it is most appropriate that it li the fast
he same channel. Such a voltage may wall be rate of chanse of current waveform shown as current
than voltages created by currents flowing in unvefrna L on Figure 3-3.
me and may cause re-tacuent .to metallic
or puncture of nommecallic surfaces or di- .........

* coatings. To deterine ihether it is possible for diealc-

a tiNe rlurinc which an art nay tain attached tric punctures or reattaclLents to occur on nonrmetal-
ningle point (dwell tire) is a function of the lic nrfacas or coating rmterials, including metallic
no flash and murfaae characteristics which gov- srfaces with high dielectric strength coatings, it
ttaclvmnt to the next point. -_Ie dwell time i in ,ecessrv to simulate the hiall-voltage clkaracter-
function of aircraft sped. istics of the arc. lUgh voltages are caused by (1)

current reetrikas in an ionized channel, or (2) volt-
apt stroke attachment point and dwell time age buildup along a dioni ed channel. Mahe char-
na are therefore of Interet for tw ntis acteristics ere uialated ') a tost in idtich a re-

First. If there Isa I lntervni nommoa- strVia is applied along a channel previously astah-
face Along the path over which the rc my be lishod by a continuing current. The restrike must
ths Wept stroke phenm my datermine he Initiated by a voltage rate of rise of 1010 kV/ps
the agmeallic Irface will be manctured or or faster and munt discharge a high rate of rise cur-
the ae will rose harmlesely across it to the rent stroke in accordance with current waveforn .

tallic surface. This restrike mst not be applied until the continu-
Inr current Ias decayed to near zero (a nearly de-

toed, the dwell tile of an arc on a setalic ionized state) as slwn In Figure 4-4.
is a factor in determining if sufficient heat-
occur at a dwell point to burn a hole or form Reveral tets should he ,inliod with te contin-

Pat capable of iglting conbustIble rndtures tinn. current duration and reatrikes applied accord-
Ing ot r daagi. Thus, over a fuel tank it Ing to different tines, ", in order to produce worst-
tculTly impott tht the arc sAe freely, case e posures of the surface and underlying elements
r that the netal skin of the tank net be heat- to .-Oltage stress.
Orce" to a point that fuel vapors are ignited.
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TM ssipZitude of the a@ 1uu eauting is not 4.2.2.4 ?Dsuremet and Deta Beepirmees
aritiml and my be lover or hsher than that of cur-
Ie compolnent C. th "Pacts of th test wes Tim e t mpott neasurmets ar hose givingdoerlzbed in Fw88raph 4.2.2.2.1. the actIa~tn points, sa dwell tn", breakdown paths

folloed, and the separation between attachment points.
These are mt easily determined free high speed rtion
picture photographs of the. are. Iteasurennta should
be nde of the air flou or test object velocity end the
anplitude and waveforn of the current passing through

Continuing Current tite tes object.
CurrrOt /

i Curreme Stationary
Ceepemng IElectrode

Tine

Voltage
Voltage Waveforn A- I...

J I Imtatatm hm tFJr -. o~t

I' Tim

T Arc

Figure 4-4 swept stroke taveforms for tests
of nonmetallic surfaces. Surface

(moving)
4.2.2.3 Teot Setuo

Fixure 4-6 Test surface moved
Tt bhasi maci .a have been used to tmaloag ths relative to stat Lonary arc.

Wept One of them invleveZ use of
a wind Streom to move the are relative to .L statim-

rY test surface as shown in Figure 4-l. The otheh
that Involves ovatn of the test surface relative 4.2.3 Iirect Uffects - Complete Velicl,to a Stationary arc a" shown. in Figure "-. other

methods nay elso, be satisfactory if they adequtely 4.2.3.1 O1bjective
rpresat the *ral.gh Interaction betw the arc

ad, the e oa d s uaced ea tv d p el t o shuld TMe objective of this cost is to measure ionducedWe Ld hitt not alisi J limitedtot ia to th i -flight voltaem umd currents in electrical wiring witin 'ivlociJ , of the vehical, which in when the dwell tine complete vehicle. Complete vehicle tents are Intendedconditiott is name CriticaL. PVIrimfly to identify circuits %rhicia nay be susceptible

The test electrode should be fah enough above the to Wehonl= ou eft

ufaces 00 an not to nfluenc the amp attachoent to 4.2.3.2 Rmethe test surface. If the technlnxiq of FuG 4-S is
ued, the electrode should be a red pwaa to the Tw teaamques, utilizing different mv;forma,air strffM and aPPu imatLY Parallbl to the toot may be utiliUed to perform this test. o InvolvesObject. application of a scaled down nidirectiomal waveforo

represtative of a natural lightning stroke.

The second technique involves performnce of the
test with two or nor doed oscillatory current wave-
fo(rs, one of which (cOmpont ipoi the fast
rate of rise characteristic of a natural lightning

Air Flow stroke wavefrmet. and the other (conponent GIL) pro-
vides r lo*" duration, period characterlstic of natural
lightnit stroke duration. Induced voltages should he
measured In the aircraft circuits when u£potd to both

Ae -aveform and te highest induced voltagee taken as
E tthe test results.

Surfac (Stata~rIEach teat is carried out by paissing test cur-
Surfae (Satioary)rents throulth to the complete vaohicisa and tiageurizi

the intluced voLtaitas and currents taecks ore also
Figue 4- Arcmove reltivetomade of aircraft sysetems .nui oquit,'*nt operacionsFINUO 45 Ae nvadreltiv toWhoe ro osible.Stationary test surface.
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4.2.3.2.1 dlfrectoadal Test Wevefot

14avfosu T should be Sppli".

4.2.3.2.2 Oeillsary !Nvefou

thvefaome 0 and 03 should be applied. Current nnetator Test Vehicle

4.2.3.3 Test Setup -/

he test current should be npplled between nev-
ral rCoramentative Plats of attachisent points such

an noese-to-cal or vig ip-to-ving tip. Typical test
setup are sham in risur 4-7. /

a segaut piairs are notnally seleted sn as to und C ection eu irs

dire t current through the parts of the vehicle dire Whets Induced Insulated from Ground

circuits of Inter st are located. VoltaRe I'lefsureant
are Itado

:.ultLple return conductors qhouLd he used to rLn-
Intse tet circuit inductance mid proximity effect..

Ty.pict, test netups are shaun lt Fle 4-7.

4.2.3.4 'Itsurmsests and fota "auiwreta

"Ian test current aplitd i, wnvefum, and re-
sultian induced voltages and currents in the aircraft
elocnr.kcl and avionics system should be numbedu .T

C.WT:t: Incarforunce-free operation of the voltage Crurant oenerator
-Mm~urnent sy-Aten ahoulit !e "stfie.

'llt&Cos nuasured during the conplate vehicle t
tasts shoul be extrapolated to Lull threat levels in Z
tJe sw stuner an deseirbal ir. "nra. 4.1.6.2 for In--
direct effects nuasurments in ternal electrical
hordwaro. .;tuaionn ouch As rtcing path* or nan-
linmr Inpodances exist which t'. result in rn-
linear relti ashlpo betuon -induced voltagus and ap- Wheels an
t'lind current. irefful study of th vehicle ,rder P.luctrical InmsuaLaLn
teat, smevar, .can usually identify such situations. G;round "n Ilre'I
"Ien teaSi, fueled vehicles, care should be taken P'nsmection TnmuLacod from
to prevent Mparks across filler Cape, a evna low Grnund
wqulade currents cam caus sparkiga mos poor
bonds r joinsu, In .oubtful nituations, fuel tA
ahoul',a renderod noflaimeble Ivy nitrogen Inerting. Piture 4-7. Typtcal setups for complote vehicle tests.
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